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The silazane PNP ligand [HN(SiMe2CH2PPh2)2] has been coordinated to tungsten(0) 
in three different conformations and these three complexes can be interconverted.  The P
H
NP 
ligand can be bound as a bidentate ligand through the two phosphine arms as in 
W(P
HN
P)(CO)4, as a tridentate facial ligand in W(P
H
NP)(CO)3, or as a tridentate meridional 
ligand in W(P
H
NP)(CO)3.  Formal oxidation by protonation of the metal center occurred to 
form a cationic tungsten hydride species.  A related series of cationic tungsten(II) halide 




 (X= I, Br, Cl, F) by various routes.  All of 
the tungsten(II) complexes underwent deprotonation at the amine site of the P
H
NP ligand 
when triethylamine was added, resulting in neutral seven-coordinate complexes.   
A non-heterocyclic bis(imino)aryl ligand with blocking methyl substituents, 4,6-
dimethyl-1,3-benzenediphenylimine (NCHN), has been synthesized.  Reaction with 
[Ir(CH2=CH2)2(Cl)]2 under mild conditions led to (NCN)Ir(CH2CH3)(Cl) via C-H activation 
at the central aryl position of the NCN ligand.  This five-coordinate complex proved to be a 
versatile starting material for modification of the three remaining coordination sites.  Neutral 
nucleophiles including water and triphenylphosphine could be readily added to the vacant 
sixth coordination site.  Protonation of the ethyl group resulted in loss of ethane and 
formation of a dicationic chloride-bridged (NCN)Ir dimer.  Alternatively, the chloride ligand 
ii 
 
could be abstracted from (NCN)Ir(CH2CH3)(Cl) to access various neutral and cationic 
species.   
 Oxidation of (NCN)Ir(CH2CH3)(Cl) to iridium(V) intermediates occurs by 
electrophilic addition and oxidative addition pathways.  Addition of iodine appears to follow 
an electrophilic addition pathway, resulting in a cationic Ir(V) intermediate, 
[(NCN)Ir(CH2CH3)(Cl)(I)][I].  The nucleophilic iodide counterion attacks the ethyl group, 
resulting in ethyl iodide and a mixed halide species.  The mixed halide complex undergoes 
halide exchange to produce a diiodide complex and a dichloride complex.  Oxidative addition 
of a Si-H bond to (NCN)Ir(CH2CH3)(Cl)  occurs with triethylsilane, resulting in a seven-
coordinate Ir(V) intermediate observed by 
1
H NMR.  Reductive elimination of ethane is fast 
from the Ir(V) complex and produces an Ir-silyl complex.   
Oxygen atom transfer reagents have been employed to try to access the elusive Ir(V) 
oxo intermediate proposed in the mechanism of catalytic water oxidation by iridium.  
Reaction of pyridine-N-oxide, sPhIO, and MCPBA with (NCN)Ir(CH2CH3)(Cl)   resulted in 
adduct formation.  However, reaction of MCPBA with bis-aqua complex 
[(NCN)Ir(CH2CH3)(OH2)2][BF4]  resulted in formation of ethylene from the Ir-ethyl group, 
through a possible Ir(V) oxo species.  [(NCN)Ir(CH2CH3)(OH2)2][BF4]  also reacted rapidly 
with NaIO4 to produce a short-lived intermediate accompanied by formation of ethylene gas, 
possible through a similar mechanism as the MCPBA reaction.  Electrochemistry of the 
water-soluble [(NCN)Ir(CH2CH3)(OH2)2][BF4] showed that it was capable of catalytic water 
oxidation.  Electrochemical studies on heterogeneous water oxidation by an iridium pincer 
complex bound to a metal oxide surface through phosphonate linkages were also conducted, 
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An Introduction to the Chemistry of Pincer Complexes 
 
An Overview of Pincer Ligands 
Designing new ligands with desirable properties is one of the most important goals in 
organometallic chemistry.  Altering ligand frameworks allows for systematic variation of the 
chemical properties of metal complexes in a controlled and predictable manner.  Pincer 
ligands, which are defined by tridentate meridional coordination to a metal center in accord 
with the picturesque name, have been known since the 1970s.
1-6
  Due to the ease with which 
synthetic variations of pincer substituents can be accomplished and the ability of pincer 
ligands to stabilize mononuclear complexes, the use of pincer ligands has rapidly expanded 
across organometallic chemistry.
7,8
  Pincer complexes have found widespread use as catalysts 
in transition metal mediated processes such as C-C bond forming reactions, polymerizations, 
transfer hydrogenation, and dehydrogenation reactions.
9,10
  Pincer complexes can also be 
used as sensors
11-13
 and they are particularly helpful in initiating C-C, C-H, and C-O bond 
activation processes
14
.   
Pincer ligands most commonly feature a central aromatic ring that is ortho,ortho-
disubstituted with substituents featuring two-electron donor heteroatoms (Figure 1.1).  
Pincers without an aromatic ring in the ligand backbone are also known
15-18
.  Both neutral 
2 
 




 pincers can be found in 
the literature as well.  The central coordinating atom is most commonly carbon or nitrogen, 
often present in the form of a benzene, pyridine, carbene, or amine group.  The presence of a 
metal-carbon σ-bond in particular is thought to be responsible for the high stability of these 
complexes due to the decreased probability of ligand dissociation and subsequent 
decomposition
24
.  Terminal two electron donating heteroatom groups include amines (NR2), 
phosphines (PR2), phosphites (P(OR)2), ethers (OR), thioethers (SR), N-heterocyclic 
carbenes (NHC), arsines (AsR2), and selenoethers (SeR)
1
.  While most pincer ligands are 
symmetric and feature identical terminal donor groups, pincers with different donor groups 
on each end are also known
25-29
.  The selection of donor heteroatoms affects the reactivity of 
the bound metal.  Pincers with hard donor atoms like C and N are often rigid and electron-
rich and can increase the nucleophilicity of the metal center
7
 while mixed systems with hard 
and soft donors can accommodate a greater range of geometries
30
.  Metallation of pincer 
ligands typically occurs with formation of two five-membered metallacycles
9





Figure 1.1. General binding mode of a pincer ligand with or without a central aromatic ring. 
 
 Electronic and steric effects can be manipulated in pincer systems by systematic 
alteration of the tridentate ligand while maintaining the coordination geometry
8
.  This feature 
of pincer complexes facilitates optimization of chemical properties for reaction or 
catalysis
14,31
.  Steric control can be exerted by varying the R groups (Figure 1.1).  The Y 
atom affects the electronic properties of the metal through its trans influence.  Varying the E 
atoms allows control over the electron density and lability of the arms of the pincer.  The A 
moieties also contribute to the electron density and steric properties of the system.  The X 
group(s) can remotely participate in electron density control and aid in solubility properties 
of the complex.  
 There are three general routes to metallation of a pincer ligand with a central aryl ring 
(Scheme 1.1)
32
.  The most common method for direct metallation of a pincer ligand is C-H 
activation at the central aryl carbon.  This route does not require additional functionalization 
of the ligand before metallation in order to achieve high selectivity, and has been employed 
4 
 
since the first pincer ligands were developed
3
.  C-H activation of these types of pincer 
ligands is chelation-assisted and is directed by initial heteroatom (E) coordination.  A second 
method for metallation involves prefunctionalizing the 2-position of the aryl ring with a 
halide, commonly chloride or bromide.  Oxidative addition of the carbon-halide bond then 
occurs, selectively forming the desired pincer complex.  A third route is transmetallation 
from a main-group metal like lithium or tin.  Metallation of pincer ligands with a neutral 
central atom like nitrogen occurs by simple chelation.   
 
Scheme 1.1. General routes to metallation of a pincer ligand with a central aryl ring. 
Pincer Complexes of Group 8-10 Transition Metals 
The typical tridentate meridional coordination mode of a pincer with a central aryl 
ring forces the aryl ring into a conformation nearly coplanar with the coordination plane of d
8
 
square-planar metal centers or with the basal plane of d
6
 square-pyramidal metal centers
9
.  
Pincer ligands have been successfully coordinated to all of the group 8-10 transition metals, 
and the resulting complexes have been used for numerous purposes.  Iridium pincer 
5 
 
complexes exhibit a wide range of reactivity, with applications which include electrocatalytic 
reduction of CO2
33,34




, and various 
dehydrogenation reactions
8,42-55





-type ligands.  When occupying the central site of the tridentate pincer ligand, the 
M-C bond exhibits excellent thermal stability.  
Iridium pincers complexes are useful for many dehydrogenation reactions including 
alkane dehydrogenation and dehydrogenation involving heteroatom-H bonds, as well as 
alkane metathesis reactions.  Use of rhodium bis(trialkyl)phosphine complexes in alkane 







.  When tested for activity for transfer dehydrogenation of cyclooctane in the 
presence of a sacrificial hydrogen acceptor 3,3-dimethyl-1-butene (TBE), the iridium 
complex showed high activity and high thermal stability, giving 82 turnovers/hour at 150°C 
and 12 turnovers per minute at 200°C for a full week (Scheme 1.2).  Dehydrogenation of 
other cycloalkanes, including cyclohexane, methylcyclohexane, and decalin was also 
reported, giving aromatic products in some cases
46
.  In contrast, the rhodium analogue was a 
poor catalyst, yielding less than one turnover per hour under the same conditions
58





Scheme 1.2. Dehydrogenation of cycloalkanes by Ir(PCP)H2.   
 The substrate scope of alkanes has increased dramatically with the development of a 
wide range of modified PCP pincer ligands for dehydrogenation with iridium.  Electron-
donating substituents like para-methyoxy groups on the central aryl ring favor oxidative 
addition of cycloalkane C-H bonds in acceptorless dehydrogenations
53
.  Use of an anthraphos 
backbone increased the thermal stability of the iridium catalysts up to 250°C, but decreased 
the reactivity
59
.  Modification to a bisphosphinite POCOP pincer resulted in higher catalytic 
activity
50,60,61
.  The POCOP complex (
tBu4
POCOP)Ir(CO) has a more acute P-Ir-P bond angle 
of 157.55° compared to the related (
tBu4
PCP)Ir(CO) bond angle of 164.51° (Figure 1.2)
62
.  
The more open geometry results in a less sterically hindered coordination sphere, which was 
computationally shown to increase the catalytic activity.  While the steric effects are obvious, 
the electronic effects are more complex.  Due to the electronegativity of oxygen, the POCOP 
ligand might be expected to have reduced donating ability from the two phosphorus sites, 
resulting in a less electron-rich iridium center.  However, DFT calculations showed 
significant π-electron donation from oxygen to the aryl ring, leading to a slightly more 
electron-rich metal center
53




Figure 1.2. Iridium pincer complexes used for alkane dehydrogenation. 
Changing to nitrogen donors from phosphorus donors may increase ligand stability 
under oxidative conditions.  Bis(imino)aryl pincer metal complexes have increased in 
popularity over the past decade
63-67
.  Known Ir(III) complexes with NCN type pincer ligands 









 groups (Figure 1.3).  Non-heterocyclic 
bis(imino)aryl iridium complexes are less common
74
, and  
 
Figure 1.3. NCN-type pincer ligands known to coordinate Ir(III) include those with 
heterocyclic N-donor moieties including pyridyl (A), benzimidazolyl (C), mixed 
pyridyl/imidazolyl (D),  oxazolyl (B, E), and non-heterocyclic N-donors like bis(imino)aryl 
groups (F).   
8 
 
synthetic routes are limited.  Metallation of non-heterocyclic bis(imino)aryl ligands at the 
aryl 2- position can be challenging because C-H activation at the 4- or 6- position resulting in 
bidentate binding is kinetically favored (Scheme 1.3).  Since only C-H activation at the 2- 
position results in tridentate ligand binding, yields of κ3 complexes are often low.  
Synthetically, blocking both the 4- and 6- sites with substituents has resulted in more 
favorable metallation of the central 2- site
72
.  These NCN-type pincer complexes of iridium 
have been shown to have catalytic hydrogen-transfer abilities
74
, applications to asymmetric 
synthesis
72
, and luminescent and emissive properties
68-71
.   
 
Scheme 1.3. Bidentate coordination of non-heterocyclic bis(imino)aryl ligands. 
Pincer Complexes of Group 6 Transition Metals 
While pincer ligands have been coordinated to a wide variety of transition metals and 
used in many different reactions, their chelation to group 6 metals has not been as thoroughly 
explored as their late metal analogs.  One such example of a group 6 complex has an NCN 





.  In an example of non-innocent ligand participation, one of the N-
CH3 groups undergoes C-H activation, forming an azatungstacyclopropane ring with the now 
tetradentate dianionic ligand (Scheme 1.4).  Conversion to an alkylidene complex is 




Scheme 1.4. Formation of an azatungstacyclopropane ring and                                  
subsequent conversion to an alkylidene comeplex.   
 
More recently, an OCO trianionic pincer ligand has been synthesized and coordinated to 
molybdenum (Scheme 1.5)
76
.  The rigid terphenyl backbone enforces meridional 
coordination, while the trianionic nature of the ligand gives access to high oxidation state 
molybdenum
77
.  Nitriles can be synthesized via oxygen abstraction from an acylimido ligand.  
Initially, DMF disassociates accompanied by simultaneous formation of an 
azametallocyclobutene intermediate, followed by oxygen transfer to molybdenum and nitrile 
loss.  The trianionic OCO ligand has also been coordinated to a d
0
 tungsten alkylidyne 
complex
78,79
.  This complex is a highly active catalyst for the polymerization of 
phenylacetylenes (Scheme 1.6).   
 






Scheme 1.6.  Polymerization of substituted phenylacetylenes by a tungsten (OCO) 
alkylidyne complex.   
 
While there are few group 6 pincer complexes, examples of tridentate W(PNP) 
complexes in the literature are even scarcer
80,81
.  Phosphine-based pincer complexes are often 
used due to their balance of stability and reactivity
14
.  Chelating phosphines are known to 
increase the basicity of the metal center
82
, which can also be affected by the isomeric form of 
the chelate.  Meridional coordination results in greater electron richness and therefore 
increases basicity at the metal center relative to the facially coordinated isomer.  The order of 
attachment can vary depending on the chelating substituents, but the sequence has been 
established for mixed P,N ligands on d
6
 carbonyl complexes.  The soft phosphorus donor 
ligands tend to coordinate to the metal center first followed by chelation of the hard nitrogen 
donor
83,84
.  A weak trans influence is observed in the shortened metal-carbon bond of the 
carbonyl ligand trans to the N donor ligand.    
Tungsten- and molybdenum-dinitrogen complexes with PNP pincer ligands with a 





.  When treated with excess sulfuric acid, ammonia and 
hydrazine were generated.  The molybdenum-dinitrogen complexes yield primarily ammonia 
with trace amounts of hydrazine while the tungsten-dinitrogen complex gives mostly 
hydrazine (Scheme 1.7).  The authors suggest that the greater reducing ability of 
molybdenum results in the larger ammonia to hydrazine ratio.  As the tungsten center is more 
electron rich, the proton attack likely occurs at tungsten, resulting in a hydrazido intermediate 
that yields hydrazine.   
 
Scheme 1.7. Reaction of sulfuric acid with PNP molybdenum- and tungsten-dinitrogen 
complexes yields ammonia and hydrazine.   
 
Coordination to both tungsten and molybdenum has been observed with a neutral six 
electron donor PNP ligand, H3CN(CH2CH2PPh2)2 (Scheme 1.8).
80
  The ligand’s saturated        
-CH2CH2- backbone is flexible enough to adopt either a facial or a meridional coordination 
mode.  However, the flexibility of this tridentate ligand is limited by the methyl group on the 
amino nitrogen, which cannot easily be removed to transform the ligand into a monoanionic 
chelator.  Addition of one equivalent of triflic acid to either the facially or meridionally 
coordinated PNP complex resulted in a fluxional seven coordinate hydride species, 




Scheme 1.8. Facial and meridional isomers of a M(PNP)(CO)3 (M = Mo, W) complex 
interconvert and can be protonated by triflic acid to yield a cationic M(II) hydride complex.   
 
The examples of group 6 and 8-10 transition metal pincer complexes are just a taste 
of the known pincer complexes.  Regardless of the metal center, pincers with hard donor 
atoms are often rigid and electron-rich and can increase the nucleophilicity of the metal 
center, making them ideal for oxidative addition.  Mixed systems with hard and soft donors 
can typically accommodate a greater range of geometries, giving them a greater ability to 
accept or lose ligands readily.  Metallation of pincer ligands normally occurs with formation 
of two five-membered metallacycles.  With the extensive literature on pincer complexes, we 
have selected a known PNP-type ligand for coordination to tungsten.  The coordination 
chemistry of the PNP ligand to tungsten and the oxidation of the complexes are described in 
chapters 2 and 3.  Additionally, we have developed a new NCN-type pincer ligand for 
coordination to iridium.  The synthesis of the NCN ligand, its coordination to iridium, 
reactivity and oxidation of the resulting complex, and water oxidation properties are 
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Coordination of a PNP Pincer Ligand to Tungsten and Molybdenum 
 
Introduction 
Though many tungsten complexes containing tridentate ligands are known
1-26
, 
relatively few contain PNP-type ligands
27,28
.  First synthesized in 1981 by Fryzuk, 
HN(SiMe2CH2PPh2)2 (P
H
NP) is a neutral multidentate hybrid pincer ligand
29
.  Chosen for 
use in this research project, this silazane PNP ligand has two soft phosphine donor ligands 
linked to a hard amine donor ligand.  Synthesis of P
H
NP is accomplished by the nucleophilic 
displacement of two chlorides from a commercially available silazane, HN(SiMe2CH2Cl)2, 
with lithium diphenylphosphide
30
 (Scheme 2.1).  Addition of n-butyllithium deprotonates the 
amine, resulting in a monoanionic ligand LiN(SiMe2CH2PPh2)2 (PNP
-
).  The flexible silazane 




, in addition to 




P) or tridentate (P
H
NP) chelation modes.  The 






Scheme 2.1. Synthetic route to HN(SiMe2CH2PPh2)2 (P
H
NP) and  
LiN(SiMe2CH2PPh2)2 (PNP
-
).   
 
 Fryzuk et al. initially coordinated their PNP ligand to group 10 metals in the +2 
oxidation state
29
.  From the reaction of anionic ligand 2 with an appropriate Ni(II), Pd(II), or 
Pt(II) complex, either Cl2M[NH(SiMe2CH2PPh2)2] or ClM[N(SiMe2CH2PPh2)2] complexes 
can be obtained with distorted square planar geometries depending on reaction conditions 
and starting material.  Furthermore, Cl2M[NH(SiMe2CH2PPh2)2] can be converted to 
ClM[N(SiMe2CH2PPh2)2] by addition of a base to deprotonate the amine, leading to 
coordination of nitrogen to the metal center with displacement of a chloride ligand (Scheme 
2.2).  The nickel and palladium chloride PNP complexes undergo metathesis with simple 
Grignards, RMgX (R = CH3, CH2C=CH2, CH=CH2, and C6H5), to form compounds of type 
M(R)(N(SiMe2CH2PPh2)2) (M = Ni, Pd)
30
.  In order to prevent β-eliminations, the alkyl 
groups that were selected had no β-hydrogens.  Attempts to convert the corresponding 
platinum chloride PNP complex to a platinum alkyl PNP complex were unsuccessful and the 




Scheme 2.2. Amine deprotonation and coordination of nitrogen. 
 Fryzuk’s PNP ligand has also been chelated to the heavy group 4 metals Zr and Hf in 
the +4 oxidation state
36
.  Both the facial and meridional coordination modes of the ligand in 
Cl3M[N(SiMe2CH2PMe2)2] (M = Zr, Hf) complexes have been observed, though the facial 
mode was seen only in a crystal structure and was believed to be a phenomenon of crystal 
packing.  In solution, only the meridional coordination mode was observed.  The PNP ligand 
has also been used in yttrium hydrocarbyl complexes
37
, dinuclear chromium complexes
38
, 
paramagnetic iron(II) and iron (III) complexes
39
, and paramagnetic cobalt complexes
40
.  
Additionally, the silazane PNP ligand  as the monoanionic ligand has been coordinated to 
ruthenium
33-35,41,42
.  Addition of one equivalent of methyl lithium to 
ClRu[N(SiMe2CH2P
t
Bu2)2] results in a Ru(PNP)Me intermediate, which could be reacted 
with excess benzonitrile to give a low-spin five-coordinate ruthenium complex (Scheme 2.3).  
 
Scheme 2.3. Reactions of tridentate Ru(PNP) complexes. 
21 
 
The order of attachment of the P and N donor atoms can vary depending on the 
chelating substituents, but the sequence has been established for mixed P,N ligands on d
6
 
carbonyl complexes where the “soft” phosphorus donor ligands tended to coordinate to the 
metal center first followed by chelation of the “hard” nitrogen donor27,43-45.  A weak trans 
influence was observed in the shortened metal-carbon bond of the carbonyl ligand trans to 
the N donor ligand
30
.   
We report here the synthesis of three d
6
 tungsten carbonyl complexes with different 
coordination modes of P
H
NP: bidentate, tridentate facial, and tridentate meridional.  The 
P
H
NP ligand has also been coordinated to d
6
 molybdenum and d
2
 tungsten.  Metallation of 
the anionic PNP ligand resulted in ligand cleavage and formation of a six-coordinate d
4
 
tungsten complex.   
Results and Discussion 
 Tungsten(0) Complexes.  Upon refluxing a chlorobenzene solution of equimolar 
W(CO)6 and neutral ligand (HN(SiMe2CH2PPh2)2, P
H
NP) for 24 hours, complex 1 with a 
bidentate P
H
NP ligand formed (Scheme 2.4).  An alternative method for the small scale 
preparation of 1 was the reaction of W(CO)6 with HN(SiMe2CH2PPh2)2 in a methylene 
chloride solution in a photolysis chamber for one hour.  Complex 1 slowly decomposed in 
air, but this tungsten (0) complex was stable under inert gas both in the solid state and in 
solution.  The infrared spectrum showed three absorbances in the carbonyl region (2016, 
1922, and 1885 cm
-1
), typical for a sawhorse arrangement of the carbonyl ligands in a 
tungsten(0) tetracarbonyl complex
46




Scheme 2.4.  Preparation of a bidentate tungsten(0) complex (1). 
Yellow, needle-like crystals of 1 were obtained by slow evaporation of methylene 
chloride at 0 °C.  The molecular structure of 1 determined by single-crystal X-ray diffraction 
is depicted in Figure 1.  The crystal structure showed a tetracarbonyl complex with a 
distorted octahedral geometry with the phosphine groups cis to one another while the amine 
was not coordinated to tungsten (Figure 2.1).  The cis phosphines spanned an obtuse bond 
angle of 104.2 º, while the carbonyl groups trans to the phosphines and cis to one another 
were squeezed to an acute bond angle of 81.7 º (C(3)-W(1)-C(7)).  The carbonyls trans to 
one another were bent off axis as a result of the bulky bidentate ligand, with a trans angle of 
173.3 º (C(1)-W(1)-C(5)).  Both W-P bonds were 2.54 Å long.  The carbonyl groups trans to 
the phosphines had shorter W-C bonds, at 1.97 and 1.98 Å, than the carbonyls trans to one 








Table 2.1.  Bond lengths and bond angles of 1. 
__________________________________________________________ 
Bond distances (Å)   Bond angles (deg)      
W(1)-C(7) 1.973(5)  P(1)-W(1)-P(2) 104.20(4) 
W(1)-C(3) 1.980(6)   C(1)-W(1)-C(5) 173.31(19) 
W(1)-C(1) 2.024(6)  C(3)-W(1)-C(7) 81.7(2) 









H NMR spectrum of 1 showed one sharp singlet for the four silazane methyl 
groups, indicating equivalence of the methyl groups on both sides of the eight-membered 
ligand metallocycle.  A doublet with splitting of 10.4 Hz due to geminal phosphorus coupling 
was observed for the four methylene protons.  No signal was observed for the amine N-H 
proton.  The 
31
P NMR spectrum showed a single peak at -0.37 ppm with one bond tungsten-
phosphorus coupling of 233 Hz indicating that both phosphines experience the same 
magnetic environment.  Tungsten-phosphorus coupling was evident as a doublet satellite due 
to 
183





P NMR data suggested an effective C2v molecular symmetry on the 
NMR timescale as the eight-membered metallocycle rapidly flips through planarity, thus 
equilibrating both sides of the ring.   
Use of facial tris(acetonitrile)tricarbonyl tungsten as a starting material resulted in 
clean metallation of the neutral P
H
NP ligand.  Reaction times of one hour or less resulted in 
formation of primarily facial W(P
H
NP)(CO)3 (2) while longer reaction times resulted in 
meridional W(P
H
NP)(CO)3 (3) (Scheme 2.5).  In solution, facial isomer 2 converted to the 
more thermodynamically stable meridional isomer 3 over time.  The isomerization could be 
catalyzed by addition of a trace of acid (Scheme 2.6).  3 could also be formed by photolysis 
of tetracarbonyl 1, and the reverse reaction to form 1 from 3 could be accomplished by 
bubbling carbon monoxide through a solution of 3.  Since carbonyl stretching frequencies are 
exquisitely sensitive to metal-ligand bonding, coordination of the amine to tungsten resulted 
in an IR spectrum of tricarbonyl complex 2 with lower carbonyl absorbance frequencies of 
1923, 1831, and 1800 cm
-1
 relative to tetracarbonyl complex 1.  Isomerization to the 
meridionally coordinated P
H
NP ligand resulted in carbonyl stretching frequencies of 1957, 
25 
 
1847, and 1798  cm
-1
, with the highest frequency no doubt predominantly due to the trans 
carbonyls.  The 
31
P NMR spectrum of 2 showed a singlet at ppm with 1JW-P = 238 Hz, 
which was comparable to the 
1
JW-P coupling constant for 1, which also had cis-phosphines. 
The trans-phosphines in 3 resulted in a downfield shift to 20.4 ppm and the one bond 
tungsten-phosphorus coupling increased significantly to 311 Hz.  
 
Scheme 2.5. Synthetic route to tridenate facial W(P
H
NP)(CO)3 (2)  









Scheme 2.6. Interconversion of tungsten (0) complexes (1), (2), and (3). 
Orange rod-like crystals of 3 were obtained by slow diffusion of methylene chloride 
at -32 °C.  The crystal structure of 3 showed coordination of the amine to tungsten in a 
distorted octahedral tricarbonyl complex (Figure 2.2).  This locked the ligand in the tridentate 
meridional orientation, and the pyramidal amine forced puckering of the bicyclic ring system.  
Furthermore, the pyramidal amine group created distinctly different chemical environments 
on each side of the ring system, resulting in diastereotopic methyl groups on each silicon and 
diastereotopic methylene protons.  The trans phosphines span an angle of 166º, as do the 
trans carbonyl ligands.  The acute P-W-N bond angles of the pincer ligand averaged 83.3º.  
The W-P bond lengths had decreased slightly from those in the bidentate complex 1 to 2.46 
and 2.47 Å.  A weak trans influence from the coordinated amine was seen in the shortened 
W-C1 bond length of 1.95 Å compared to the other W-C bonds of 2.04 Å.  Another approach 
to examine the trans influence of the amine is to compare the W-O distances where O is the 
carbonyl oxygen since the carbon is not always reliably located by x-ray diffraction and the 
C≡O distance varies only slightly, so the sum of W-C and C-O distances is a more reliable x-
ray parameter than either distance alone.  Here for the trans-carbonyl, the W-O1 distance was 
3.11 Å, compared with the cis-carbonyl W-O distances of 3.19 and 3.16 Å.  This further 







Figure 2.2.  ORTEP diagram of meridional W(P
H
NP)(CO)3 (3). 
Table 2.2.  Bond lengths and bond angles of 3. 
__________________________________________________________ 
Bond distances (Å)   Bond angles (deg)      
W(1)-C(1) 1.947(7)  P(1)-W(1)-P(2) 166.42(6) 
W(1)-C(3) 2.009(6)   P(1)-W(1)-N(1) 83.28(13) 
W(1)-C(2) 2.043(6)  P(2)-W(1)-N(1) 83.53(13) 
W(1)-N(1) 2.443(5)  C(2)-W(1)-C(3) 166.1(3) 
W(1)-P(1) 2.4606(16)  C(1)-W(1)-C(2) 82.5(3) 








 to Tungsten(II).  Efforts to add the anionic PNP ligand to 
tungsten(0) complexes were unsuccessful.  When added to a tungsten(II) complex, cleavage 
of the ligand at the N-Si bond occurred.  A THF solution of [W(NCCH3)2(CO)3I][I] was 
generated by addition of one equivalent of iodine to W(NCCH3)3(CO)3.  This solution was 
transferred into a THF solution containing one equivalent of the anionic PNP ligand, and this 
solution was stirred overnight to give 4 (Scheme 2.7).  Cleavage of the PNP ligand occurred 
between the silicon and nitrogen atoms and then two of the PN fragments coordinated in 
bidentate fashion to a tungsten(II) center.  The amine nitrogens share one proton.  Two 
carbonyls remain bound to tungsten, and have IR stretches of 1923 and 1831 cm
-1
.   
 
Scheme 2.7. Synthetic route to [W(P
H
N)(PN)(CO)2][I] (4). 
Orange crystals of 4 were grown by layering pentane over a THF solution of 4 at 
room temperature.  The structure shows a tungsten(II) complex with a significantly distorted 
octahedral geometry (Figure 2.3).  There are two bidentate PN ligands and two carbonyl 
ligands with an iodide counterion.  The carbonyl ligands are cis to one another and subtend 
an angle of 103.30°.  The phosphines form an angle of 131.36° with each other and the 
nitrogens are related by an angle of 76.69°.  The small N-W-N angle is partially explained by 
hydrogen bonding to a shared proton from both amines.  The proton also appears to be 
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hydrogen bonded to a water molecule in the crystal structure.  The tungsten-nitrogen distance 
is similar for both amines, 2.031 Å and 2.045 Å.  These distances are significantly shorter 
than the tungsten-nitrogen bond distance of 2.443 Å in 3, explained by the tungsten(II) 
electron deficiency in 4 and the shared negative charge between the two amines.  The two 
tungsten-phosphorus distances are nearly identical at 2.4663 Å and 2.4658 Å, distances 
which are comparable to those in 3.  The two tungsten-carbon distances are likewise 
comparable at 1.956 Å and 1.960 Å.  These are on order with the tungsten-carbon bond 
distance of 1.947 Å for the carbon trans to nitrogen in 3.  A THF molecule is crystallized in 
the cell. 
 










Bond distances (Å)   Bond angles (deg)      
W(1)-C(1) 1.956(4)  C(1)-W(1)-C(3) 103.30(18) 
W(1)-C(3) 1.960(4)   P(1)-W(1)-P(2) 131.36(4) 
W(1)-P(1) 2.4663(11)  N(20)-W(1)-N(22) 76.69(12) 
W(1)-P(2) 2.4658(10)  C(1)-W(1)-N(20) 135.84(14) 
W(1)-N(20) 2.031(3)  C(3)-W(1)-N(20) 103.35(15) 












The proton and phosphorus NMR spectra showed a C2v symmetric molecule at room 
temperature.  The two phosphorus atoms are equivalent at 36.7 ppm and had one bond 
tungsten-phosphorus coupling of 141 Hz.  One doublet appeared in the proton spectrum for 
the four methylene protons with geminal phosphorus coupling of 13.2 Hz, and one singlet 
appeared for all twelve methyl protons. 
Coordination of P
H
NP to Tungsten(IV).  W(py)2(CO)2Br(≡CCH3) was dissolved in 
methylene chloride and 1.5 equivalents of neutral P
H
NP were added (Scheme 2.8).  The 
reaction mixture was stirred overnight.  The pyridine ligands dissociated and the phosphines 
coordinated in bidentate fashion.  IR spectrsocopy indicated conversion to complex 5 with 
carbonyl stretching frequencies of 2008 and 1931 cm
-1




Scheme 2.8.  Synthetic route to W(P
HN
P)(CO)2Br(≡-CH3) (5). 
The two phosphines were equivalent in the 
31
P NMR spectrum at 0.8 ppm with one-
bond coupling to tungsten of 235 Hz.  In the proton NMR spectrum, there were two triplets 
for the methylene protons due to a distinct “top” and “bottom” of the molecule.  There were 
also two signals for the methyl groups, one of which corresponded to the two methyls 
pointing up toward the carbyne ligand and the other corresponded to the two methyls 
pointing down toward the bromide ligand. 
Though synthesis of 5 proved to be simple and high-yielding, further manipulation of 
5 yielded mixed results.  Photolysis was tried with the intention of trying to promote carbonyl 
loss and nitrogen chelation, but the conversion was incomplete and the products were 
difficult to separate.  Deprotonation of the amine proton with triethylamine or methyl lithium 




NP to Molybdenum(0).  Mo(NCCH3)2(CO)4 was prepared 
according to a literature preparation
47
.  One equivalent of neutral P
H
NP was added to a THF 
32 
 
solution of Mo(NCCH3)2(CO)4 and the solution was stirred overnight (Scheme 2.9).  The 
phosphines coordinated, but the nitrogen atom did not bind.  The IR spectra showed carbonyl 
stretches at 2017, 1915, and 1895 cm
-1
, and these frequencies corresponded closely to the 
stretching frequencies for the bidentate tungsten analogue, 1.  However, photolysis of 6 did 
not cleanly proceed to the tridentate P
H
NP tricarbonyl molybdenum complex.  Oxidation of 6 
with iodine or bromine resulted in decomposition. 
 
Scheme 2.9. Synthetic route to Mo(P
HN
P)(CO)4 (6). 
The proton NMR spectrum of 6 shows a C2v-symmetric complex with one signal for 
all four ligand methylene protons and one signal for all four ligand methyl groups.  The 
phosphorus NMR shows equivalent phosphines at 18.1 ppm, and the carbon NMR spectrum 
shows two signals for the four carbonyl ligands at 215.2 and 210.6 ppm.  Additionally, one 






Table 2.4. IR data for complexes 1-6. 
Complex  νCO (cm
-1
) 
1 2016, 1922, 1885 
2 1923, 1831, 1800 
3 1957, 1847, 1798 
4      1923, 1831 
5      2008, 1931 





 In summary, the silazane PNP ligand has been coordinated to tungsten(0) in three 
different conformations and these three complexes could be interconverted.  The P
H
NP 
ligand can be bound as a bidentate ligand through the two phosphine arms as in 
W(P
HN
P)(CO)4 (1), as a tridentate facial ligand in W(P
H
NP)(CO)3 (2), or as a tridentate 
meridional ligand in W(P
H
NP)(CO)3 (3).  When the anionic PNP
-
 was added to tungsten(II) 
source, the  ligand was cleaved between nitrogen and silicon and two of the bidentate PN 
fragments coordinated a single metal center to form [W(P
H
N)(PN)(CO)2][I] (4).  The neutral 
P
H
NP ligand could be added to a tungsten(IV) carbyne complex, and resulted in a bidentate 
bound P
H
NP ligand in W(P
HN
P)(CO)2Br(≡-CH3) (5).  The P
H
NP ligand was coordinated as a 













Table 2.5. Crystal and data collection parameters for W(P
HN
P)(CO)4 (1), meridional 
W(P
H





Complex 1 3  4   
Empirical Formula C37H40NO4P2Si2W C33H36NO3P2Si2W  C34H40BCl2F4NO3P2Si2W   
Formula Weight 864.67 796.60  970.35   
Color Yellow Orange  Clear   
Temperature 100(2) K 296(2) K  100(2) K   
Wavelength 0.71073 Å 1.54178 Å  1.54178 Å   
Crystal System Monoclinic Monoclinic  Monoclinic   
Space Group P21/n P21/n  P 1 21/c 1   
Unit Cell Dimensions a = 8.9073(3) Å 
b = 24.0432(10) Å 
c = 17.5465(8) Å 
α = 90° 
β = 94.894(3)° 
γ = 90° 
a = 12.8236(8) Å 
b = 18.5277(13) Å 
c = 14.1186(8) Å 
α = 90° 
β = 97.327(5)° 
γ = 90° 
 a = 13.1944(5) Å 
b = 18.9951(8) Å 
c = 15.4344(5) Å 
α = 90° 
β = 90.665(2)° 









Z 4 4  4   






   






   
F(000) 1732 1588  1928   
Crystal Size 0.30 x 0.05 x 0.05 mm
3
 0.15 x 0.05 x 0.05 mm
3 
 0.04 x 0.09 x 0.27 mm
3
   













Reflections Collected 25129 15353  31454   
Data/Restraints/Parameters 7072/0/428 5881/0/384  6614/6/461   
Goodness-of-fit on F
2
 1.045 0.979  1.053   
Final R indices 
[I>2sigma(I)] 
R Indices (all data) 
R1 = 0.0361, 
wR2 = 0.0692 
R1 = 0.0634,  
wR2 = 0.0788 
R1 = 0.0501,  
wR2 = 0.1144 
R1 = 0.0693,  
wR2 = 0.1245 
 R1 = 0.0623,  
wR2 = 0.1512 
R1 = 0.0910,  
wR2 = 0.1649 
  
Largest diff. peak and hole 1.252 and -1.276e.Å
-3 
2.382 and -1.630 e.Å
-3 
 2.416 and -2.251 eÅ
-3 
  
         


















General Information.  Reactions were performed under a dry nitrogen atmosphere using 
standard Schlenk techniques.  Methylene chloride, hexanes, pentane, and diethyl ether were 
purified by passage through an activated alumina column under a dry argon atmosphere.  
Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl under an argon 
atmosphere.  Methylene chloride-d2 was dried over CaH2 and degassed using standard 
freeze-pump-thaw techniques.   HN(SiMe2CH2PPh2)2 and LiN(SiMe2CH2PPh2)2 were 
synthesized according to a literature method
29
.   
NMR spectra were recorded on Bruker DRX400, 500, or AVANCE400 
spectrometers.  Infrared spectra were recorded on an ASI Applied Systems ReactIR 1000 FT-
IR spectrometer.  
[HN(SiMe2CH2PPh2)2]W(CO)4 (1).  In a 200mL Schlenk flask, W(CO)6 (0.50 g, 
0.14 mmol) was added to chlorobenzene (40 mL).  HN(SiMe2CH2PPh2)2 (0.75g , 0.14 mmol) 
was dissolved in a small amount of chlorobenzene (5 mL) and cannula transferred into the 
hexacarbonyl solution.  The mixture was heated to 120 ºC for 24 hours.  The solvent was 
removed in vacuo and the orange-brown oil was washed several times with pentane.  The 
product was extracted with ether, and after stripping away the ether, the residue was purified 
by dissolving it in methylene chloride and layering with hexanes (1:10) before placing the 





H NMR (CD2Cl2, m, 8H, Ph CH), 7.40 (m, 12H, Ph CH), 1.92 (d, 4H, 
2JPH = 
10.4 Hz, CH2), -0.28 (s, 12H, CH3).  
31
P NMR (CD2Cl2, s, 
1






H} NMR (CD2Cl2, t,  CO, 
2
JP-C = 10 Hz, 
1
JW-C = 70.4 Hz), t,  CO, 
2
JP-C 
= 7.5 Hz, 
1
JW-C = 65.4 Hz), Ar C),  -CH2--CH3). 
[HN(SiMe2CH2PPh2)2]W(CO)3 Facial (2).  HN(SiMe2CH2PPh2)2 (1.5 g, 2.9 mmol) 
was combined with W(CH3CN)3(CO)3 (1.1 g, 2.8 mmol) in THF (30 mL) and stirred at room 
temperature for 1 hour.  Isolation was accomplished by precipitation of product with ether 




H NMR (C6D6, t, 4H, Ph CH), 7.23 (t, 4H, Ph CH), 7.11 (t, 4H, Ph CH), 6.94 (t, 
2H, Ph CH), 6.66 (m, 6H, Ph CH), 1.83, 1.10 (each a dd, 2H, CH2, 
2
JH-H = 14.0 Hz, 
2
JP-H = 9.2 
Hz), 0.05, 0.01 (each a s, 6H, CH3).
 31
P NMR (C6D6, s, 
1





NMR (CD2Cl2, t, CO, 
2
JP-C = 5.7 Hz),  each a t, CO, 
2
JP-C = 16.6Hz), 
139.4, 139.0, 138.9, 138.7, 131.8, 130.4, 129.6, aryl C)s, -CH2-
 (t, 1JP-C = 3.1Hz, -CH2-s, -CH3). HRMS (m/z, ESI+, CHCL3): found 798.1338, 
calcd for [M + H]+, 798.1375.
 [HN(SiMe2CH2PPh2)2]W(CO)3 Meridional (3).  Synthesis from 
W(CH3CN)3(CO)3.  HN(SiMe2CH2PPh2)2 (7.0 g, 13.2 mmol) was combined with 
W(CH3CN)3(CO)3 (4.9 g, 12.5 mmol) in THF (50 mL) and stirred at room temperature 
overnight.  Isolation of 3 was accomplished by precipitation of product with ether and 





NMR (CD2Cl2, m, 6H, Ph CH), 7.40 (m, 8H, Ph CH), 7.31 (m, 6H, Ph CH), 2.65, 
1.61 (each a dt, 2H, 
2
JH-H = 14.4 Hz, 
2
JP-H = 8.8 Hz, CH2), 0.36, 0.04 (each a s, 6H, CH3).
 31
P 
NMR (CD2Cl2, s, 
1




H} NMR (CD2Cl2,  (t, CO, 
2
JP,C 





C = 36.9Hz)each a t, ortho Ar C, 
2
JP-C = 13.2 Hz), 129.3 (each a s, para Ar 
C)t, meta Ar C, 3JP-C = 9.2 Hz), t, 
1
JP-C = 6.0 Hz, -CH2-t, 
1
JP-C = 8.6Hz, -
CH2-s, -CH3).  Analysis: Calculated for 3: C, 49.69; H, 4.68; N, 1.76.  Found: C, 




 [(HNSiMe2CH2PPh2)(NSiMe2CH2PPh2)W(CO)2][I] (4). W(NCCH3)3(CO)3 (1.1 g, 
2.8 mmol) was dissolved in THF (30 mL) and I2 (0.71 g, 2.8 mmol) was added and stirred for 
30 minutes.  Full conversion to [W(NCCH3)2(CO)3I][I] was verified by IR.  The solution was 
cannula transferred into a flask containing a THF (10 mL) solution of LiN(SiMe2CH2PPh2)2 
(1.5 g, 2.8 mmol) and was stirred overnight.  The solvent was removed in vacuo and the 
product was extracted with diethyl ether (0.20 g, 7.8%).  Orange crystals were grown 
overnight by dissolving the product in THF and layering pentane (1:5) over the THF at room 




H NMR (THF-d8, 
H, Ph CH), 2.2 (d, 4H, 2JP-H = 13.2 Hz, CH2), 0.18 (s, 12H, CH3).
 31
P 
NMR (THF-d8, s, 
1
JW-P = 140.9 Hz). HRMS (m/z, ESI+, CH3CN): found 807.1417, 
calcd for [M + Na]
+
, 807.1354. 
[HN(SiMe2CH2PPh2)2]W(CO)2Br(≡CCH3) (5).  W(py)2(CO)2Br(≡CCH3) (0.45 g, 
1.0 mmol) was dissolved in CH2Cl2 (20 mL) and HN(SiMe2CH2PPh2)2 (0.88 g, 1.7 mmol) 
was added.  The reaction mixture was stirred overnight.  The solvent was removed in vacuo 
and the residue was washed with hexanes twice.  A light brown powder resulted (0.6 g, 




H NMR (CD2Cl2, H, Ph CH), 
2.15, 1.71 (each a t, each 2H, 





NMR (CD2Cl2, s, 
1




H} NMR (CD2Cl2, δ): t, 
1
JW-C = 186 
Hz, 
2
JP-C = 10 Hz, W≡C-CH3), 211.0, 210.7each a s, 2C, 
1
JW-C = 150 Hz CO), 168.1, 150.4, 
133.5-128.4Ar C), 34.7 (s, 2JW-C = 20 Hz W≡C-CH3), 16.9 -CH2--CH3).   
[HN(SiMe2CH2PPh2)2]Mo(CO)4 (6).  HN(SiMe2CH2PPh2)2 (1.5 g, 6.6 mmol) was 
added to a THF (30 mL) solution of Mo(NCCH3)2(CO)4 (2.0 g, 6.9 mmol) and stirred 
overnight.  The solvent was removed in vacuo and the resulting residue was washed with 




H NMR (CDCl3, t, 8H, Ph CH), 7.36 (m, 12H, Ph CH), 1.72 (d, 4H, 
2JPH = 9.0 Hz, -
CH2-), -0.30 (s, 12H, -CH3).  
31




H} NMR (CDCl3, 
dd, 2C, 2JP-C = 23.0Hz
2
JP-C = 16.5Hz, CO), 210.6 (t, 2C, 
2
JP-C = 9.3Hz, 
CO)Ar C), 22.3 -CH2--CH3).  Analysis: Calculated for 
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Oxidation of a Tungsten(0)(P
H
NP) Tricarbonyl Complex to Cationic and Neutral 
Tungsten(II) Hydridocarbonyl and Halocarbonyl Complexes 
 
Introduction 
Halocarbonyl complexes of tungsten(II) have been studied for over 50 years
1-5
.  
Oxidation to tungsten(II) is most commonly achieved by addition of elemental halogens to 









 are common in the literature.  Oxidative 
decarboxylation with hydrofluoric acid
11
 or addition of fluoride to a neutral tungsten (II) 
dicarbonyl complex
12
 can provide access to the less common tungsten fluoride complexes.  
Despite decades of study, we are only aware of one literature report that includes the entire 
series of halocarbonyl tungsten complexes for a single ligand system
11
, and the 
hydridocarbonyl analogs of the halide complexes are seldom mentioned.  Halocarbonyl 
complexes can be used as catalysts for wide-ranging reactions in homogeneous catalysis
13,14
, 
and they are also used as catalyst precursors for heterogeneous polymerization
15
.  Chelating 
donor ligands anchor the coordination sphere of many seven-coordinate d
4
 complexes with 
halide ligands
11,16-20
.   
Phosphine-based pincer complexes have become popular due to their ability to sit at 
the pivot point of stability and reactivity in metal complexes
21,22
.  Chelating phosphines are 
known to increase the basicity of the metal center
23,24
, and for tridentate ligands this donor 
43 
 
behavior can also be affected by the bonding geometry adopted by the chelate.  Meridional 
coordination typically increases basicity at the metal center compared to the facially 
coordinated isomer
24
.   
Results and Discussion 
Tungsten(II) Hydride Complexes.  Addition of tetrafluoroboric acid to a methylene 
chloride solution of 3 resulted in an immediate color change from orange to pale yellow 
consistent with protonation at the tungsten center to formally generate a tungsten(II) hydride 
complex (Scheme 3.1).  The IR spectrum showed full conversion to 7 with absorbance 
frequencies of 2034, 1935, and 1914 cm
-1
 for the cation, a shift of almost 100 cm
-1
 to higher 
energy for the three carbonyl frequencies. 
 
Scheme 3.1. Synthetic route to [W(P
HN
P)(CO)3H][BF4] (7).   
 Yellow rod-shaped crystals of 7 were obtained by slow evaporation of methylene 
chloride from a solution of 7 in an NMR tube at 0 °C.  The crystal structure showed the 
tridentate P
H
NP ligand bound meridionally with three carbonyl ligands filling three more 
coordination sites (Figure 3.1).  The carbonyl trans to nitrogen was pushed toward one of the 
phosphine ligands, presumably to accommodate the seventh ligand, a hydride not located by 
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crystallography.  The tetrafluoroborate counterion was crystallized in the cell.  All three 
tungsten-carbon bonds were slightly lengthened relative to comparable distances in the 
neutral W(P
H
NP)(CO)3 precursor (3).  The two tungsten-phosphorus bonds were also 
lengthened (by ~0.05 Å from 3), while the tungsten-nitrogen bond was shortened from   
2.443 Å in 3 to 2.386 Å in 7.  The longer bond lengths around tungsten presumably reflected 
expansion of the six-coordinate geometry to seven-coordination and the accompanying 
crowding from seven ligands.  The P-W-P bond angle was decreased by 2° from 3 to 164.42° 
while one of the P-W-N bond angles stayed about the same at 83.7°.  The other P(1)-W-N 
bond angle decreased to 81.4°, presumably due to placement of the hydride ligand near that 
phosphorus.  The most noticeable change in the geometry of the coordination sphere is that 
the two P-W-C(1) angles, nearly identical at 96.5° in 3, differ by twenty degrees in 7.  The 
C(1)-W-P(2) bond angle at 87.3° is much smaller than the C(1)-W-P(1) bond angle at 107.5°, 




Figure 3.1.  ORTEP diagram of [W(P
H
NP)(CO)3H][BF4] (7). 




Bond distances (Å)   Bond angles (deg)      
W(1)-C(1) 1.965(13)  P(1)-W(1)-P(2) 164.42(9) 
W(1)-C(5) 2.025(9)   P(1)-W(1)-N(24) 81.4(2) 
W(1)-C(7) 2.044(9)  P(2)-W(1)-N(24) 83.7(2) 
W(1)-N(24) 2.386(8)  C(5)-W(1)-C(7) 176.8(4) 
W(1)-P(2) 2.505(2)  C(1)-W(1)-C(5) 88.5(7) 








Both the crystal structure and the low temperature NMR data showed hydride 
complex 7 to be a C1 point group molecule.  The fluxional behavior of 7 was evident in 
variable temperature 
1
H NMR spectra (Figures 3.2, 3.3).  At room temperature, the four 
P
H
NP methyl groups appeared as singlets at 0.6 and 0.0 ppm, while the methylene protons 
appeared as a broad signal between 2.3 and 2.5 ppm.  The hydride resonance appeared 
upfield at -5.03 ppm as a 76 Hz doublet with a broad central hump indicative of a dynamic 
process involving coupling to the trans phosphines.  Each peak of the doublet also had 
tungsten satellites reflecting one bond W-H coupling of 16 Hz, a value comparable to 
reported one bond tungsten(II)-hydride couplings
25
.  The fluxional behavior of 7 at room 




H} NMR spectrum, in which the inequivalent 
phosphines appeared as a broad doublet of doublets (Figure 3.4).  
When cooled to 242K, the methylene protons resolved into four doublets of doublets 
in the region of 2.2 to 2.6 ppm with two-bond coupling to phosphorus of 10.5 Hz (Figure 
3.2).  The diastereotopic methylene protons had a geminal H-H coupling of 15 Hz.  The 
P
H
NP methyls between -0.1 and 0.6 ppm also resolved from two singlets to four singlets, 
indicating a distinct environment for each methyl group in the seven-coordinate tungsten 
coordination sphere.  The hydride resonance resolved into a doublet of doublets while 
maintaining the same tungsten coupling of 16 Hz (Figure 3.3).  The C1 symmetry 
differentiated the two phosphorus atoms resulting in different geminal couplings between the 





resolved into two roofed doublets at 19.7 and 14.7 ppm (Figure 3.4).  The geminal 
phosphorus-phosphorus coupling was 85.4 Hz while the one-bond tungsten-phosphorus 
couplings were 200 and 212 Hz.  This general description of fluxionality on the NMR 
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timescale applied to all of the cationic and neutral seven-coordinate tungsten(II) complexes 
reported here.   
 
 
Figure 3.2.  Variable temperature 
1




Figure 3.3.  Variable temperature 
1









H} NMR of 7. 
Addition of one equivalent of triethylamine to a methylene chloride solution of the 
cationic hydride complex 7 at 195 K resulted in selective kinetic deprotonation of the amine 
proton to form W(PNP)(CO)3H (Scheme 3.2).  The resulting lone pair on the nitrogen atom 
may provide some electron density to the tungsten center, but all of the original ligands 
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remained bound to the 18 electron tungsten in the neutral product.  Upon deprotonation the 
carbonyl stretching frequencies dropped an average of 22 cm
-1
 to 2008, 1923, and 1885 cm
-1
.  
When warmed to room temperature, the metal hydride 
1
H NMR signal disappeared as the 
proton was transferred from tungsten to the amide nitrogen to reform the thermodynamically 
favored isomer of 8, W(P
H
NP)(CO)3 (3), in a formal reduction to tungsten(0).  
 
Scheme 3.2. Synthesis of W(PNP)(CO)3H (8).  
The low temperature NMR data for 8 showed a C1 symmetric molecule much like 7.  
The methylene protons shifted upfield and had a comparable geminal coupling to phosphorus 
of 14.5 Hz.  The hydride resonance shifted downfield about one half of a ppm from the 
hydride in 7 to -4.53 ppm in 8 as a doublet of doublets.  The two geminal couplings between 





H} NMR showed a roofed doublet of doublets pattern as in 7.  The signals 
were shifter downfield to 21.7 ppm and 19.3 ppm with a larger geminal phosphorus-
phosphorus coupling of 136 Hz.  The one-bond tungsten-phosphorus couplings had increased 
as well to 213 Hz and 230 Hz in 8 from 200 Hz and 212 Hz in 7.   
Tungsten(II) Halide Complexes.  A complete series of cationic and neutral 
tungsten(II) halide complexes was established.  All of the cationic seven-coordinate halide 
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complexes were fluxional at room temperature on the NMR timescale and displayed C1 
symmetry when cooled.  Given the differing reactivities of the halogens, different synthetic 
routes were required to access the full series of complexes.  Note that none of the tungsten(II) 
halide complexes could be isolated as pure materials in the solid state nor could they be 
crystallized.  They were thermally unstable and decomposed rapidly upon exposure to air. 
To a methylene chloride solution of 3, one equivalent of iodine was added, and the 
solution was stirred to dissolve the reagents (Scheme 3.3).  The IR spectrum shows that the 
carbonyl frequencies shifted to 2031, 1950, and 1928 cm
-1
 as the tungsten center was 
oxidized to W(II).  The increase in CO stretching frequencies from 3 was comparable to that 
observed in forming the hydride complex 7 by protonation, as formal oxidation to a cationic 
tungsten(II) species occurred in both cases.  Iodide complex 9 decomposed over time, 
possibly passing through a dicarbonyl intermediate (Scheme 3.4).  The nucleophilic iodide 
counterion may have participated in the decomposition reaction.  By IR spectroscopy, CO 
stretches at 1931 and 1838 cm
-1
 grew in as the carbonyl frequencies for 9 faded away.  
Perhaps the iodide counterion displaced a carbonyl ligand and formed a neutral 
W(P
H
NP)(CO)2(I)2 intermediate.  Further decomposition occurred rapidly, so identification 









Scheme 3.4. Proposed decomposition of 9. 
At room temperature, 9 was fluxional on the NMR timescale.  When cooled to 200K, 
a C1-symmetric molecule was observed by NMR.  The proton NMR spectrum showed four 
inequivalent methylene protons, each with coupling to phosphorus.  The four methyl groups 
of the ligand were inequivalent as well.  At room temperature, the phosphorus NMR 
spectrum showed two broad signals, which resolved to two doublets at 14.4 ppm and -0.24 
ppm when cooled.  Both doublets had geminal phosphorus-phosphorus coupling of 141 Hz.  
The downfield doublet had one-bond tungsten coupling of 180 Hz while the upfield doublet 
had one-bond tungsten coupling of 136 Hz.  The carbon NMR also showed C1 symmetry at 






NP)(CO)3Br][Br] could be synthesized by addition of bromine to 3, analogous 
to the synthesis of 9.  However, elemental bromine could oxidize a phosphine ligand, and the 
nucleophilic bromide counterion may have promoted rapid decomposition.  Surprisingly, a 
cleaner two-step synthetic method was available that began with a one-electron oxidation to 
tungsten(I) followed by addition of a bromine radical source to give the same cationic 
bromide complex 10.  To a methylene chloride solution of 3 cooled to 195K, excess silver 
triflate was added, and the solution was stirred for one hour (Scheme 3.5).  The solution was 
cannula filtered, and one equivalent of N-bromosuccinimide was added to the filtrate and 
stirred for 30 minutes at 195K.  The pink tungsten(I) intermediate, [W(P
H
NP)(CO)3][OTf], 
was characterized by IR spectroscopy, but this paramagnetic intermediate could not be 
analyzed by NMR.  The carbonyl frequencies moved higher (2025, 1925, 1899 cm
-1
) as the 
cationic tungsten(I) intermediate was formed, then they shifted even higher (2033, 1956, and 
1928 cm
-1
) when the bromine radical was added to form 7.  The net increase in CO 
frequencies from 3 to 10 was comparable to those observed for the other cationic tungsten(II) 
complexes described above.   
 
Scheme 3.5.  Synthetic route to [W(P
H
NP)(CO)3Br][OTf] (10).   
Like the other seven-coordinate tungsten(II) complexes previously described, 10 was 
fluxional at room temperature on the NMR timescale.  Both the proton and carbon NMR 
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spectra showed a C1 symmetric molecule at low temperature.  At 195K, the phosphorus 
NMR spectrum showed doublets at 22.8 ppm and 3.0 ppm, each with geminal phosphorus-
phosphorus coupling of 160 Hz.  The one bond tungsten coupling was 170 Hz for the 
downfield doublet and 142 Hz for the upfield doublet.  The geminal phosphorus-phosphorus 
coupling was increased by 20 Hz over that for 9, the analogous cationic iodide complex. 
To form the chloride analogue, excess tris(4-bromophenyl)ammoniumyl 
hexachloroantimonate ([N(PhBr)3][SbCl6]) was added to a methylene chloride solution of 3 
cooled to 195K and the reaction mixture was stirred for one hour.  The solution was then 
cannula filtered.  Since the tris(4-bromophenyl)ammoniumyl hexachloroantimonate is known 
to function as a radical one-electron oxidant
26,27
, it would presumably initially oxidize the 
tungsten(0) complex 3 to a cationic tungsten(I) intermediate (Scheme 3.6).  The 
hexachloroantimonate counterion could then provide a chlorine radical to convert the 
tungsten(I) to tungsten(II) and form 11, similar to the reaction scheme outlined for the bromo 
analogue 10.   
 
Scheme 3.6.  Synthetic route to [W(P
H
NP)(CO)3Cl][SbCl5] (11). 
As with the previously described seven-coordinate tungsten(II) complexes, 11 was 
fluxional at room temperature on the NMR timescale, and exhibited C1 symmetry upon 
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cooling to 195K in both the proton and carbon NMR spectra.  The low temperature 
phosphorus NMR spectrum included doublets at 23.6 and 4.3 ppm, each with geminal 
phosphorus-phosphorus coupling of 151 Hz.  The one-bond tungsten-phosphorus coupling 
for the downfield doublet was 152 Hz, while the upfield doublet had 
1
JW-P = 151 Hz.   
Addition of excess Selectfluor [1-chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)] to an acetonitrile solution of 3 resulted in 
fluorination of the tungsten center to produce 12 (Scheme 3.7).  The reaction proceeded more 
slowly in methylene chloride, perhaps due to the lower solvent polarity.  Selectfluor can 
serve as a net source of F
+
 as a reagent, so in some ways this reaction is analogous to addition 
of a proton to 3 to form the cationic hydride complex 7.  The IR spectrum showed conversion 
of 3 to fluoride complex 12 over one hour with an increase in absorbance frequencies to 
2024, 1939, and 1846 cm
-1
.  Although both protonation and fluorination occurred in this 
system, addition of methyl triflate to 3 did not lead to methylation.   
 
Scheme 3.7.  Synthetic route to [WP
H
NP)(CO)3F][BF4] (12). 
12 is fluxional at room temperature on the NMR timescale, and exhibits C1 symmetry 
upon cooling to 230K in both the proton and carbon NMR spectra.  The low temperature 
56 
 
phosphorus NMR spectrum includes two roofed doublets at 37.9 and 35.4 ppm, each with 
geminal phosphorus-phosphorus coupling of 32 Hz.  The one-bond tungsten-phosphorus 
coupling for the downfield doublet is 156 Hz, while the upfield doublet has 
1
JW-P = 160 Hz. 
All of the cationic tungsten(II) halide complexes described (9-12) can be 
deprotonated at the amine by addition of triethylamine (Scheme 3.8).  The resulting lone pair 
likely resides on the nitrogen atom rather than donating to the 18 electron tungsten center.  
Carbonyl loss was not observed.   
 
Scheme 3.8. Synthetic route to neutral W(PNP)(CO)3X, where X = I (9a), Br(10a), 
Cl (11a), and F (12a). 
 
The IR spectra were consistent throughout the series of halide and hydride tungsten 
complexes and provided a scheme for identifying the oxidation state and charge of the 
tungsten pincer complex in question (Table 3.3).  The highest carbonyl frequencies were 
indicative of cationic tungsten(II) complexes, including 7, 9, 10, 11, and 12. These cationic 
complexes had a weak but distinctive carbonyl stretch around 2030 cm
-1
.  When 
deprotonated to form the neutral tungsten(II) complex, that weak symmetric stretch shifted 
down about 25 cm
-1
 to an average of 2005 cm
-1
.  The anomaly in the series was found with 
the fluoride complexes.  While the highest frequency carbonyl stretches were comparable to 
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the rest of the series, the two lower stretches came at much lower frequencies than those in 
the rest of the series.   
Table 3.2. IR, 
31
P NMR, and 
13
C carbonyl NMR data for tungsten(II) complexes. 
Complex νCO (cm
-1




JP-P (Hz)       δCO (ppm) 




85 206, 204, 197 




136 209, 200 




141 231, 215 




160 220, 217, 206 




151 234, 218, 216 




32 222, 221 




207 236, 217, 212 




215 238, 219, 214 




223 239, 220, 215 




34 228, 227 
 
The phosphorus NMR data also showed a pattern for cationic versus neutral 
complexes (Table 3.2).  The 
31
P signals were consistently downfield for the neutral 
complexes compared to the cationic complexes.  Additionally, the neutral complexes all had 
larger geminal phosphorus-phosphorus coupling and larger one-bond tungsten-phosphorus 
couplings compared to their cationic analogues.  An examination of the halide series revealed 
that as the halides became more electronegative, the chemical shift of the phosphorus atoms 
moved downfield while the tungsten-phosphorus couplings generally decreased.  As seen in 
the IR data, the irregularity was with the tungsten-fluoride complexes, which had very small 
2
JP-P geminal coupling values (32 Hz and 34 Hz).  The 
13
C NMR data for the carbonyl 
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carbons also showed the trend in which the neutral tungsten(II) complexes consistently had 
signals further downfield compared to their cationic counterparts. 
 Halide Abstraction.  To a methylene chloride solution of 9, excess silver nitrate was 
added.  The mixture was stirred for one hour and cannula filtered.  The IR spectrum indicated 
that CO had been lost and a dicarbonyl tungsten(II) complex, possibly 
[W(P
H
NP)(CO)2(NO3)][I] (13), had been formed (Scheme 3.9).   
 
Scheme 3.9. Synthetic route to [W(P
H
NP)(CO)2(NO3)][I] (13). 
At 195K, the proton, carbon, and phosphorus NMR spectra showed a C1-symmetric 
molecule.  The carbon NMR spectrum had signals for two carbonyl carbons, in agreement 
with the IR spectra.  The phosphorus NMR showed inequivalent phosphines at 30.2 and 19.3 
ppm, each with geminal phosphorus-phosphorus coupling of 221 Hz.  The downfield doublet 
had one bond-tungsten-phosphorus coupling of 182 Hz, while the upfield signal had coupling 
of 140 Hz.   
Summary 
In summary, we have reported the synthesis and characterization a series of PNP 
tungsten complexes.  When coordinated to tungsten(0), the ligand could adopt three different 
coordination modes.  Formal oxidation by protonation of the metal center occurred to form a 
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cationic tungsten hydride species.  Oxidation through different routes resulted in a series of 
cationic tungsten(II) halide complexes.  The cationic species could all be deprotonated at the 
amine to form neutral tungsten(II) hydride or halide species.  The structure of hydride 
complex 7 was determined by X-ray single crystal analyses.   
 




         Complex           7 
Empirical Formula C34H40BCl2F4NO3P2Si2W 
Formula Weight 970.35 
Color Clear 
Temperature 100(2) K 
Wavelength 1.54178 Å 
Crystal System Monoclinic 
Space Group P 1 21/c 1 
Unit Cell Dimensions a = 13.1944(5) Å 
b = 18.9951(8) Å 
c = 15.4344(5) Å 
α = 90° 
β = 90.665(2)° 




Density (calculated) 1.666 Mg/m
3
 




Crystal Size 0.04 x 0.09 x 0.27 mm
3
 











Final R indices 
[I>2sigma(I)] 
R Indices (all data) 
R1 = 0.0623, wR2 = 0.1512 
R1 = 0.0910, wR2 = 0.1649 






  General Information.  Reactions were performed under a dry nitrogen atmosphere 
using standard Schlenk techniques.  Methylene chloride, hexanes, pentane, and diethyl ether 
were purified by passage through an activated alumina column under a dry argon 
atmosphere.  Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl under 
argon atmosphere.  Methylene chloride-d2 was dried over CaH2 and degassed using standard 
freeze-pump-thaw techniques.   HN(SiMe2CH2PPh2)2 (1) and LiN(SiMe2CH2PPh2)2 (2) were 
synthesized according to literature methods
28
.   
NMR spectra were recorded on Bruker DRX400, 500, or AVANCE400 
spectrometers.  Infrared spectra were recorded on an ASI Applied Systems ReactIR 1000 FT-
IR spectrometer.  
[(HN(SiMe2CH2PPh2)2)W(CO)3H][BF4] (7).  In an NMR tube, 3 (10 mg, 0.013 mmol) was 
dissolved in CH2Cl2 (0.5 mL).  Tetrafluoroboric acid (1.6 mg, 0.20 mmol) was added and 
immediately the orange solution faded to a pale yellow.  IR and NMR indicated quantitative 





NMR (242K, CD2Cl2, m, Ph CH), 7.62 (s, Ph CH), 7.54 (s, Ph CH), 7.34 (m, Ph 
CH), 2.58 (t, 1H, CH2,
 2
JH-H = 15Hz 
2
JP-H = 15Hz), 2.34 (t, 1H, CH2,
 2
JH-H = 15Hz 
2
JP-H = 
15Hz), 2.42 (dd, 1H, CH2, 
2
JP-H = 10.5 Hz, 
2
JH-H = 15 Hz), 2.23 (dd, 1H, CH2, 
2
JP-H = 10.5 Hz, 
2
JH-H = 15 Hz),   0.61, 0.58, -0.05, -0.10 (each a s, 3H, CH3), -5.02 (dd, 1H, WH , 
1
JW-H = 16.5 
Hz, 
2
JP-H = 53.0 Hz, 
2









JP-P = 85.4 Hz), d, 
1
JW-P = 211.6 Hz, 
2





(230K, CD2Cl2, each a dd, CO, 
2
JP-C = 6.5 Hz), 137.3-124.6 (Ar C), 
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13.2, 12.7 (each a s, -CH2-), 1.8, 1.7, 0.8, -0.7 (each a s, -CH3).  HRMS (m/z, ESI+, MeOH): 
found 820.1195, calcd for [M – H + Na]+, 820.1194. 
[N(SiMe2CH2PPh2)2]W(CO)3H (8).  [(HN(SiMe2CH2PPh2)2)W(CO)3H][BF4] (0.013 
mmol) was prepared in situ and cooled to 195K.  Triethylamine (5.0 µL, 0.036 mmol) was 
added and mixed.  IR and NMR showed quantitative conversion to yellow product.  IR 




H NMR (185K, CD2Cl2, s, Ph CH), 7.37 
(s, Ph CH), 1.94, 1.83 (each a d, 2H, CH2, 
2
JP-H = 10.5Hz), 0.006, -0.19 (each a s, 3H, CH3), -
4.53 (dd, 1H, WH , 
2
JP-H = 51.0 Hz, 
2




H} NMR (185K, CD2Cl2, 
d, 1JW-P = 213 Hz, 
2
JP-P = 136 Hz), d, 
1
JW-P = 230 Hz, 
2




H} NMR (185K, CD2Cl2, dd, CO), 200.3 (t, CO, 
1
JW-C = 125Hz),  
each a d, ipso Ar C, 1JP-C = 42Hz)dd, ortho Ar C, 
2
JP-C = 10Hz, 
2
JP-C = 
16Hz)d, para Ar C, 4JP-C = 13Hz)d, meta Ar C, 
3





JP-C = 11Hz, -CH2-each a s, -CH3). 
[(HN(SiMe2CH2PPh2)2)W(CO)3I][I] (9). In an NMR tube, 3 (30 mg, 0.038 mmol) 
was dissolved in CH2Cl2 (0.5 mL).  Iodine (0.010 g, 0.038 mmol) was added and shaken to 
dissolve.  IR and NMR showed quantitative conversion to yellow product.  IR (CH2Cl2):CO 




H NMR (200K, CD2Cl2, s, Ph CH), 7.47 (m, Ph CH), 
2.78, 2.62, 2.58, 2.09 (each a t, 1H, CH2, 
2





H} NMR (200K, CD2Cl2, d, 
1
JW-P = 180 Hz, 
2
JP-P = 140.5 Hz), 
d, 1JW-P = 136 Hz, 
2




H} NMR (200K, CD2Cl2, 
 CO), 133.5, 132.7, 131.9, 131.4, 129.4, 128.7, 127.9Ar C),   -
CH2--CH3). HRMS (m/z, ESI+, MeOH): found 930.0446, calcd for [M 
– I + Cs]+, 930.0351. 
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[N(SiMe2CH2PPh2)2]W(CO)3I (9a). [(HN(SiMe2CH2PPh2)2)W(CO)3I][I] (0.038 
mmol) was prepared in situ and cooled to 195K.  Triethylamine (10 µL, 0.076 mmol) was 
added and mixed.  IR and NMR showed quantitative conversion to yellow product.   IR 




H NMR (195K, CD2Cl2,  Ph CH), 
2.82, 2.56, 2.22, 1.89 (each a t, 1H, CH2, 
2





H} NMR (195K, CD2Cl2, d, 
1
JW-P = 189 Hz, 
2
JP-P = 207 Hz), d, 
1
JW-P = 143Hz, 
2









JP-C = 9.3Hz)dd, CO, 
2
JP-C = 23.4Hz, 
2





JP-C = 5.8Hz), 135.8-127.3aryl C)each a d, -CH2-
each a s, -CH3).  HRMS (m/z, ESI+, MeOH): found 795.1451, calcd for 
[M – I – H]-, 795.1140. 
[(HN(SiMe2CH2PPh2)2)W(CO)3Br][OTf] (10). In a Schlenk flask, 3 (30 mg, 0.038 
mmol) was dissolved in CH2Cl2 (10 mL) and cooled to 195K.  Excess silver triflate (0.10 g, 
0.39 mmol) was added and stirred for one hour.  The solution was cannula filtered into a cold 
Schlenk flask.  N-bromosuccinimide (0.0070 g, 0.038 mmol) was added and stirred 30 




H NMR (230K, CD2Cl2, 
Ph CH), 3.02, 2.74, 2.47, 2.16 (each a m, 1H, CH2), 0.78, 0.59, 0.31, -0.19 




H} NMR (230K, CD2Cl2, d, 
1
JW-P = 170 Hz, 
2
JP-P = 160 
Hz), d, 1JW-P = 142 Hz, 
2




H} NMR (230K, CD2Cl2, 
each a CO), 135.8-127.9aryl C), 20.5, 17.9 (each a d, -CH2-
each a s, -CH3). 
[N(SiMe2CH2PPh2)2]W(CO)3Br (10a). [HN(SiMe2CH2PPh2)2W(CO)3Br][OTf] 
(0.038 mmol) was prepared in situ and cooled to 195K.  Triethylamine (10 µL, 0.076 mmol) 
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was added and mixed.  IR and NMR showed quantitative conversion to yellow product.  IR 




H NMR (195K, CD2Cl2, ): Ph CH), 
2.56, 1.89, 1.20 (each a dd, CH2) (note: the fourth dd is buried under another peak), 0.56, 




H} NMR (195K, CD2Cl2, d, 
1
JW-P = 192 
Hz, 
2
JP-P = 215 Hz), d, 
1
JW-P = 138 Hz, 
2




H} NMR (195K, CD2Cl2, 
dd, CO)dd, CO), 214.2 (dd, CO), 135.3-127.3aryl C)each a 
d, -CH2-), each a s, -CH3). 
[(HN(SiMe2CH2PPh2)2)W(CO)3Cl][SbCl5] (11).  In a Schlenk flask, 3 (30 mg, 
0.038 mmol) was dissolved in CH2Cl2 (10 mL).  Tris(4-bromophenyl)ammoniumyl 
hexachloroantimonate (0.031 g, 0.038 mmol) was added and stirred for one hour.  The 
solution was cannula filtered and the solvent was removed.  IR and NMR showed 





NMR (195K, CD2Cl2, δ): 7.67-7.38 (Ph CH), 2.68, 2.48, 1.84 (CH2) (note: the fourth       –
CH2– proton peak is buried under another peak), 0.70, 0.59, 0.42, 0.22 (each a s, 3H, CH3), -
4.53 (dd, 1H, WH, 
2
JP-H = 51.0 Hz, 
1




H} NMR (195K, CD2Cl2, δ): 23.6 
(d, 
1
JW-P = 152 Hz, 
2
JP-P = 151 Hz), 4.3 (d, 
1
JW-P = 150 Hz, 
2





(195K, CD2Cl2, d): 234.1, 218.4, 216.4 (each a dd, CO), 134.8-128.2 (Ar C), 16.6 (d, 
1
JP-C = 
12.7 Hz, -CH2-), 13.9 (d, 
1
JP-C = 10.5 Hz, -CH2-), 3.5, 3.1 (each a d, 
2
JP-C = 10.5 Hz, -CH3), 




[N(SiMe2CH2PPh2)2]W(CO)3Cl (11a).  [(HN(SiMe2CH2PPh2)2)W(CO)3Cl]
+
 (0.038 
mmol) was prepared in situ and cooled to 195K.  Triethylamine (10 µL, 0.076 mmol) was 
added and mixed.  IR and NMR showed quantitative conversion to yellow product.  IR 
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H NMR (195K, CD2Cl2, Ph CH), 
2.47, 2.01, 1.71 (each a dd, CH2) (note: the fourth –CH2– proton peak is buried under another 




H} NMR (195K, CD2Cl2, d, 
1
JW-P = 189 Hz, 
2
JP-P = 223 Hz), d, 
1
JW-P = 141 Hz, 
2





(195K, CD2Cl2, each a dd, CO) 134.2-127.3aryl C)d, 
1
JP-C = 
15.5 Hz, -CH2-, 18.3 (d, 
1
JP-C = 12.8 Hz, -CH2-), 8.1, 5.1 (each a d, 
3
JP-C = 2.3 Hz, -CH3), 




[(HN(SiMe2CH2PPh2)2)W(CO)3F][BF4] (12). In an NMR tube, 3 (30 mg, 0.038 
mmol) was dissolved in CD3CN (0.5 mL).  1-Chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) (Selectfluor) (0.013 g, 0.038 mmol) was 
added and shaken to dissolve.  IR and NMR showed conversion to yellow product.  IR 




H NMR (230K, NCCD3,  7.71-7.49 (Ph CH), 
2.41 (d, 1H, CH2), 2.18 (dd, 2H, CH2), 2.02 (d, 1H, CH2) (note: the fourth –CH2– proton 





(230K, CD2Cl2, 37.9 (d, 
1
JW-P = 156 Hz, 
2
JP-P = 32 Hz), 35.4 (d, 
1
JW-P = 160 Hz, 
2





H} NMR (240K, NCCD3,  221.9, 221.1, 185.1 (each a s, CO), 133.7-129.2 
(aryl C), 15.6 (d, 
1
JP-C = 74.2 Hz, -CH2-), 11.7 (d, 
1
JP-C = 12.6 Hz, -CH2-), 3.6, 2.0, -1.43, -
1.58 (each a s, -CH3). 
[N(SiMe2CH2PPh2)2]W(CO)3F (12a).  [HN(SiMe2CH2PPh2)2W(CO)3F][OTf] (0.038 
mmol) was prepared in situ and cooled to 195K.  Triethylamine (10 µL, 0.076 mmol) was 
added and mixed.  IR and NMR showed conversion to yellow product.  IR (NCCH3):CO = 




H NMR (230K, NCCD3,  7.62-7.39 (Ph CH), 2.48 (dd, 2H, 
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H} NMR (215K, 
CD2Cl2, 43.1 (d, 
1
JW-P = 170 Hz, 
2
JP-P = 34 Hz), 38.5 (d, 
1
JW-P = 162 Hz, 
2




H} NMR (215K, CD2Cl2,  228.3, 227.3, 185.6 (each a s, CO), 134.5-129.4 (aryl C), 
16.6 (d, 
1
JP-C = 74.2 Hz, -CH2-), 12.5 (d, 
1
JP-C = 12.6 Hz, -CH2-), 4.3, 3.9, -0.9, -1.1 (each a s, 
-CH3).  HRMS (m/z, ESI+, CH3CN): found 929.0010, calcd for [M - F + Cs], 929.0273. 
[(HN(SiMe2CH2PPh2)2)W(CO)2(NO3)][NO3] (13). To a sample of 
[HN(SiMe2CH2PPh2)2W(CO)3I][I] in THF, excess silver nitrate was added.  
1
H NMR (195K, 
CD2Cl2,  Ph CH), 2.49, 2.19, 1.88, 1.49 (each a dd, 1H, CH2), 0.27, -0.05, -




H} NMR (195K, CD2Cl2, d, 
1
JW-P = 182 Hz, 
2








H} NMR (195K, CD2Cl2, 
each a dd, CO), 133.4-128.1aryl C)each a d, -CH2-
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Synthesis, Structure, and Reactivity of Iridium(III) Complexes  




Mononuclear iridium(III) pincer complexes have become common in the literature 
over the past 4 years and these complexes have a variety of applications.
1-28
  The typical 
tridentate meridional coordination mode of a pincer with a central aryl ring forces the aryl 
ring into a conformation nearly coplanar with the coordination plane of d
8
 square-planar 
metal centers or with the basal plane of d
6
 square-pyramidal metal centers.
29
  From previous 
work in the Templeton group, metallation of 2,6-biphenylpyridine (CNC or CPC) ligands to 
a mononuclear transition metal center is difficult, and such complexes are rarely found in the 
chemical literature due to the electronic problems inherent in trans C-M-C coordination.
30
   
Research has moved toward monoanionic ligands of the bis(imino)aryl (NCN) 
type.
31-42
   C-H activation at the 4- and 6- positions of the aryl ring is favored over the desired 
C-H activation at the 2- position, resulting in formation of bidentate CN ligands rather than 
the tridentate NCN complexes (Scheme 4.1).  To prevent this undesirable C-H activation, 
placement of methyl groups in the 4- and 6- positions has been shown to result in selective 
tridentate coordination
40
 (Scheme 4.2).  Herein we present the synthesis of a non-heterocyclic 
bis(imino)aryl NCHN ligand with methyl groups at the 4- and 6- sites, and metallation of this 




Scheme 4.1. Bidentate coordination of non-heterocyclic bis(imino)aryl ligands. 
 
Scheme 4.2. Tridentate coordination of non-heterocyclic bis(imino)aryl ligands with methyl 
substituents blocking the 4- and 6- positions. 
 
Results and Discussion 
Ligand Design and Synthesis.  Pursuing a simple non-heterocyclic bis(imino)aryl 
ligand for facile coordination to Ir(III), we synthesized 4,6-dimethyl-1,3-
benzenediphenylimine.  As previously shown, C-H activation at the 4- and 6- positions of the 
aryl ring is favored over the desired C-H activation at the 2- position, resulting in formation 
of bidentate CN chelates rather than the desired tridentate NCN complexes (Scheme 4.1).  To 
guide C-H activation to the 2- position, methyl groups were placed in the 4- and 6- positions.  
70 
 
The methyl groups provide the additional benefit of serving as convenient NMR handles for 
both proton and carbon spectra.   
4,6-Dimethyl-1,3-benzenedicarboxaldehyde was synthesized according to literature 
procedures
43-45
.  The dialdehyde reacts with two equivalents of aniline and a catalytic amount 
of p-toluenesulfonic acid (PTSA) in refluxing toluene to produce the electron-rich 
bis(imino)aryl ligand, 4,6-dimethyl-1,3-benzenediphenylimine (1, NCHN) (Scheme 4.3).  
The diimine product is isolated by removal of toluene followed by washing the residue with 
methanol to produce an air-stable off-white powder.  
 
Scheme 4.3. Synthetic route to 4,6-dimethyl-1,3-bis(phenylimino)benzene. 
 The 
1
H NMR spectrum of 4,6-dimethyl-1,3-bis(phenylimino)benzene (NCHN) shows 
C2v symmetry with a downfield signal at 8.75 ppm representing the two equivalent imino 
protons (Figure 4.1).  The central aryl proton ortho to both imino groups appears as a singlet 
at 8.66 ppm.  The imino phenyl rings are symmetric and exhibit a doublet at 7.42 ppm for the 
four protons in the ortho positions, a triplet at 7.24 ppm for the two protons in the para 
positions, and a triplet at 7.26 ppm for the four protons in the meta positions.  The aryl proton 
at the 5- position ortho to both methyl groups of the central ring appears at 7.15 ppm.  A 




Figure 4.1.  
1
H NMR spectrum of NCHN (1). 
 Metallation of the NCHN Pincer Ligand.  Attempts to metallate the NCHN ligand 
with traditional iridium sources, such as IrCl3·3H2O, [Ir(COE)2(Cl)]2 (COE = cyclooctene) 
and [Ir(COD)(Cl)]2 (COD = 1,5-cyclooctadiene), result in complex reaction mixtures 
regardless of reaction time or temperature.  The chloride-bridged Ir(I) ethylene dimer
46
 
proved to be an ideal iridium source for adding the NCHN ligand.  Addition of two 
equivalents of the NCHN ligand to a methylene chloride solution of [Ir(CH2=CH2)2(Cl)]2 at 
room temperature followed by stirring for one hour results in clean metallation of the NCN 
ligand by activation of the central aryl C-H bond, giving (NCN)Ir(CH2CH3)(Cl) (2) as the 
72 
 
isolated product (Scheme 4.4).  Complex 2 is isolated in good yield as a red powder by 
removal of methylene chloride and washing with pentane.  
 
Scheme 4.4. Synthetic route to (NCN)Ir(CH2CH3)(Cl) (2). 
 The metallation of 1 was monitored by NMR spectroscopy at low temperature.  Upon 
addition of two equivalents of ligand 1 to a CD2Cl2 solution of [Ir(CH2=CH2)2(Cl)]2 at 215K 
(a 1:1 ratio of ligand to metal), the 
1
H NMR spectrum shows that the two halves of the ligand 
are inequivalent; the imino protons and the methyl groups of the NCHN ligand are no longer 
equivalent.  The central aryl proton between the two imino groups shifts far downfield to 
11.2 ppm.  Additionally, free ethylene appears in the spectrum.  We postulate that one 
ethylene ligand is displaced from each iridium center by one imino group, resulting in 
formation of an intermediate chloride-bridged iridium(I) dimer with one η2-ethylene and a 
monodentate nitrogen-bound NCHN ligand in the coordination sphere of each iridium.  
Although no other additional intermediates are observed by NMR spectroscopy, some 
sequence of coordination of the second imino group, dimer dissociation, and C-H activation 
would result in an (NCN)Ir(CH2CH2)(H)(Cl) intermediate that could then insert ethylene into 
the Ir-H bond to form the observed metal complex (NCN)Ir(CH2CH3)(Cl), 2.  Note that β-H 





H NMR spectrum of 2 shows a Cs symmetric iridium(III) complex (Figure 4.2).  
The imino protons are equivalent and appear as a singlet at 8.82 ppm.  The signal for the 
remaining proton on the central aryl ring shifts upfield to 6.8 ppm, the two methyl groups are 
equivalent at 2.66 ppm, and the metal-bound ethyl group exhibits a quartet at 0.96 ppm and a 
triplet at -0.16 ppm.  The 
13
C NMR spectrum is consistent with the proton spectrum.  The 
resonance for the equivalent imino carbons appears at 175.1 ppm while the phenyl and aryl 
carbons fall between 152 and 123 ppm.  The equivalent methyl carbons resonate at 19.7 ppm.  
The signals of –CH2– and –CH3 of the ethyl group appear at 15.2 ppm and -12.9 ppm, 
respectively, and this counterintuitive C-13 assignment was verified by HMQC.   
 
Figure 4.2.  
1
H NMR spectrum of (NCN)Ir(CH2CH3)(Cl) (2). 
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 The five-coordinate, sixteen-electron Ir(III) complex 2 readily adds neutral two-
electron donor ligands.  Addition of water results in formation of the product 
(NCN)Ir(CH2CH3)(Cl)(OH2) (3) in which the weak σ-donating water ligand is trans to the 
aryl ligand of the NCN ligand (Scheme 4.5), indicating that the aryl group is a stronger trans 
donor than the ethyl group.  The NCN ligand resonances shift only slightly in the proton 
NMR spectrum upon coordination of water, but the ethyl group signals shift more noticeably 
to 0.50 ppm for the -CH2-protons and to -0.10 ppm for the –CH3 protons (Figure 4.3).  The 
coordinated water protons appear as a broad singlet at 4.82 ppm for this molecule. 
 




Figure 4.3.  
1
H NMR spectrum of (NCN)Ir(CH2CH3)(Cl)(OH2) (3). 
Crystals of aquo complex 3 were grown from a solution of 3 in methylene chloride 
layered with hexanes at 277 K.  The crystal structure of 3 shows tridentate coordination of 
the NCN ligand and a distorted octahedral geometry for the metal (Figure 4.4).  The ethyl 
group is cis to the central aryl ring of the NCN ligand and the –CH3 group of the ethyl is 
turned toward one of the imino nitrogens. The bound NCN ligand is planar with the 
exception of the imino phenyl rings, and they are twisted from the ligand plane by 51.9° and 
49.3° in opposing directions.  The Ir-C(10) (aryl sp
2
 carbon) bond length is 1.901 Å while the 
Ir-C(2) (ethyl sp
3
 carbon) bond length is longer at 2.095 Å, a distance difference largely 
attributable to the difference in hybridization.  The water ligand is trans to the aryl carbon 
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and the iridium-oxygen bond length is 2.259 Å, which is comparable to Ir-O bond lengths in 
other Ir-OH2 complexes
47-49
.  The iridium center sits below the N-N axis no doubt reflecting 
the directional orientation of the nitrogen donor lone pair electrons with a N(1)-Ir-N(2) bond 
angle of 159.35°.  The N-Ir-C(10) angles are acute at 79.75° and 79.64°.   
 
Figure 4.4. ORTEP diagram of (NCN)Ir(CH2CH3)(Cl)(OH2) (3). 
Table 4.1. Bond lengths and bond angles of (NCN)Ir(CH2CH3)(Cl)(OH2) (3). 
Bond distances (Å)   Bond angles (deg) 
Ir(1)-Cl(1) 2.4831(8)  N(1)-Ir(1)-N(2) 159.35(12) 
Ir(1)-O(1) 2.259(2)  N(1)-Ir(1)-C(10) 79.75(13) 
Ir(1)-N(1) 2.051(3)  N(2)-Ir(1)-C(10) 79.64(13) 
Ir(1)-N(2) 2.056(3)  C(10)-Ir(1)-Cl(1) 99.05(10) 
Ir(1)-C(2) 2.095(3)  C(10)-Ir(1)-O(1) 176.88(12) 
Ir(1)-C(10) 1.901(3)  C(10)-Ir(1)-C(2) 90.02(13) 
     C(2)-Ir(1)-Cl(1) 170.92(10) 
     C(2)-Ir(1)-O(1) 88.50(11) 
     O(1)-Ir(1)-Cl(1) 82.43(7) 




 Addition of triphenylphosphine results in formation of (NCN)Ir(CH2CH3)(Cl)(PPh3) 
(4), in which the triphenylphosphine ligand is cis to the aryl moiety of the NCN ligand 
(Scheme 4.6).  The two iminophenyl groups point downward, blocking the bulky 
triphenylphosphine ligand from occupying the site trans to the aryl ring.  The strong sigma 
donation of the triphenylphosphine ligand together with the shielding effect of one of the aryl 
rings of the PPh3 ligand (Figure 4.6) shifts the NCN ligand proton signals upfield from those 
of 2 in the 
1
H NMR spectrum (Figure 4.5).  The equivalent imino protons resonate at 8.42 
ppm, compared to 8.82 ppm for the same protons in 2, while the equivalent methyl groups 
appear at 2.44 ppm in 4 compared to the same moieties at 2.66 ppm in 2.  The ethyl group 
signals shift downfield to 1.43 and 0.00 ppm, and the –CH2- multiplet reflects three-bond 




H}  NMR spectrum shows a single peak at -6.82 ppm for 
the bound phosphine.   
 




Figure 4.5.  
1
H NMR spectrum of (NCN)Ir(CH2CH3)(Cl)(PPh3) (4). 
 Red crystals of 4 were grown by slow evaporation of a methylene chloride solution of 
4 at room temperature.  The crystal structure of 4 shows a distorted octahedral geometry 
(Figure 4.6).  The NCN pincer ligand occupies three meridional sites as anticipated, and the 
weak field chloride ligand is located trans to the central aryl carbon.  The ethyl group and the 
triphenylphosphine ligand are cis to the central aryl carbon and trans to one another.  The 
steric bulk and stronger electron-donor properties of the triphenylphosphine ligand result in a 
slight elongation of the iridium-nitrogen bonds by 0.03 Å and the iridium-aryl carbon bond 
by 0.02 Å compared to the length of the analogous bonds in aquo adduct 3.  The iridium-
ethyl carbon bond lengthens by 0.04 Å and the iridium-chloride bond length is longer by 0.02 
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Å compared to 3.  The N-Ir-N bond angle is 157.76°, almost 2° smaller compared to the 
corresponding bond angle in 3.    
 
Figure 4.6. ORTEP of (NCN)Ir(CH2CH3)(Cl)(PPh3) (4). 
Table 4.2. Bond lengths and bond angles of (NCN)Ir(CH2CH3)(Cl)(PPh3) (4). 
Bond distances (Å)   Bond angles (deg) 
Ir(1)-Cl(1) 2.5062(6)  N(1)-Ir(1)-N(2) 157.76(8) 
Ir(1)-P(1) 2.3800(6)  N(1)-Ir(1)-C(10) 79.00(9) 
Ir(1)-N(1) 2.0818(19)  N(2)-Ir(1)-C(10) 78.83(9) 
Ir(1)-N(2) 2.0869(19)  C(10)-Ir(1)-Cl(1) 176.48(7) 
Ir(1)-C(2) 2.136(2)  C(10)-Ir(1)-P(1) 94.54(7) 
Ir(1)-C(10) 1.922(3)  C(10)-Ir(1)-C(2) 86.58(9) 
     C(2)-Ir(1)-Cl(1) 90.00(7) 
     C(2)-Ir(1)-P(1) 177.56(7) 





Addition of trifluoromethanesulfonic acid to a methylene chloride solution of 2 
results in formation of a dicationic chloride-bridged iridium dimer [(NCN)Ir(Cl)]2[OTf]2 (5) 





NMR spectra indicate a D2h symmetric molecule (Figure 4.7).  The four phenyl rings are 
equivalent and the aromatic proton signals fall between 7.52 and 7.43 ppm; the four 
equivalent imino protons appear as a singlet at 8.48 ppm.  The proton on the central aryl ring 
resonates at 7.00 ppm for both NCN ligands and all four methyl groups are reflected in a 
singlet at 2.80 ppm.   
 




Figure 4.7.  
1
H NMR spectrum of [(NCN)IrCl]2[OTf]2 (5). 
Addition of a silver salt to complex 2 results in abstraction of the chloride ligand from 
the coordination sphere.  Silver salts with coordinating counterions give neutral complexes; 
as an example, the reaction of 2 with silver acetate gives (NCN)Ir(CH2CH3)(OAc) (6) 
(Scheme 4.8).  The 
1
H NMR spectrum of 6 shows a Cs symmetric molecule (Figure 4.8).  
The imino protons are equivalent at 9.14 ppm and the equivalent methyl groups from the 
NCN ligand appear at 2.64 ppm.  The ethyl group appears as a quartet at 0.45 ppm (-CH2-) 
and a triplet at 0.20 ppm (-CH3).  The methyl group of the acetate ligand gives rise to a 




Scheme 4.8. Synthetic route to (NCN)Ir(CH2CH3)(OAc) (6). 
 
Figure 4.8.  
1




 Red crystals of acetate complex 6 were grown from an NMR tube sample of 6 in 
CD2Cl2 at 273 K.  The crystal structure shows a distorted octahedral geometry, and again the 
NCN ligand occupies three meridional coordination sites (Figure 4.9).  The planar acetate 
ligand is bound in a bidentate fashion through the two oxygen atoms.  The plane of the 
acetate ligand is perpendicular to the plane of the NCN ligand.  The Ir-N bond lengths are 
comparable to the other complexes reported here at 2.067 Å and 2.096 Å, as is the Ir-Caryl 
bond distance at 1.899 Å.  The Ir-Cethyl bond length is slightly shorter at 2.070 Å compared to 
the analogous lengths in 3 and 4.  The ethyl group is located cis to the central aryl carbon 
with a C(12)-Ir-C(4) bond angle of 89.56°.  The O(1)-Ir-O(2) bond angle is 57.86° and the 
N(1)-Ir-N(2) bond angle is 158.64°.   
 




Table 4.3. Bond lengths and bond angles of (NCN)Ir(CH2CH3)(OAc) (6). 
Bond distances (Å)   Bond angles (deg) 
Ir(1)-O(1) 2.281(3)  N(1)-Ir(1)-N(2) 158.64(15) 
Ir(1)-O(2) 2.248(3)  N(1)-Ir(1)-C(12) 79.31(16) 
Ir(1)-N(1) 2.067(3)  N(2)-Ir(1)-C(12) 79.33(15) 
Ir(1)-N(2) 2.096(3)  C(12)-Ir(1)-O(1) 166.09(14) 
Ir(1)-C(4) 2.070(4)  C(12)-Ir(1)-O(2) 108.36(14) 
Ir(1)-C(12) 1.899(4)  C(12)-Ir(1)-C(4) 89.56(16) 
     C(4)-Ir(1)-O(1) 104.19(13) 
Ir(1)-C(2) 2.627(4)  C(4)-Ir(1)-O(2) 162.05(14) 
     O(1)-Ir(1)-O(2) 57.86(10) 
Ir(1)-C(4)-C(3) 109.6(3) 
 
Addition of excess silver tetrafluoroborate to 2 in acetonitrile results in abstraction of 
the chloride ligand and coordination of two acetonitrile ligands to iridium to give six-
coordinate cationic [(NCN)Ir(CH2CH3)(NCCH3)2][BF4] (7) (Scheme 4.9).  The acetonitrile 
ligands are cis to one another, and the ethyl ligand is cis to the central aryl carbon of the 
NCN ligand.  The labile acetonitrile ligands in 7 provide convenient access to the Ir(III) 
center for adding poorly-coordinating ligands or bidentate ligands.   
 




The proton NMR spectrum of 7 indicates a Cs-symmetric complex (Figure 4.10).  The 
acetonitrile ligands are inequivalent, with the two methyl resonances at 2.29 and 2.30 ppm, 
indicating that one is trans to the aryl ring while the other is trans to the ethyl group.  The 
ethyl ligand appears as a quartet at 0.41 ppm and a triplet at 0.08 ppm.  Cyclic voltammetry 
of 7 in acetonitrile shows a reversible wave at 1.03 V vs Ag/AgCl, and this one-electron 
redox process is assigned to the Ir(IV)/Ir(III) couple (Figure 4.11).   
 
Figure 4.10.  
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Figure 4.11. Cyclic voltammogram of 7 in acetonitrile at a scan rate of 50 mV/s. 
 Red crystals of 7 were grown by slow diffusion of hexanes into a concentrated 
methylene chloride solution of 7 at 273K.  The crystal structure of 7 exhibits a distorted 
octahedral geometry where the planar NCN ligand occupies the expected three meridional 
coordination sites (Figure 4.12).  The Ir-Caryl bond length is 1.931 Å, while the Ir-Cethyl bond 
length is 2.096 Å.  The acetonitrile trans to the ethyl group has an Ir-N(1) bond distance of 
2.132Å while the acetonitrile trans to the aryl carbon has a Ir-N(2) bond distance of 2.144 Å.  
The N(3)-Ir-N(4) bond angle of the NCN ligand is 157.90° while the two acetonitrile ligand 
























Figure 4.12. ORTEP of [(NCN)Ir(CH2CH3)(NCCH3)2][BF4] (7). 
Table 4.4. Bond lengths and bond angles of [(NCN)Ir(CH2CH3)(NCCH3)2][BF4] (7). 
Bond distances (Å)   Bond angles (deg) 
Ir(1)-N(1) 2.132(4)  N(3)-Ir(1)-N(4) 157.90(168) 
Ir(1)-N(2) 2.144(4)  N(3)-Ir(1)-C(13) 78.8(2) 
Ir(1)-N(3) 2.065(4)  N(4)-Ir(1)-C(13) 79.2(2) 
Ir(1)-N(4) 2.089(4)  C(13)-Ir(1)-C(2) 88.0(2) 
Ir(1)-C(2) 2.096(5)  C(13)-Ir(1)-N(1) 94.96(19) 
Ir(1)-C(13) 1.931(5)  C(13)-Ir(1)-N(2) 175.26(18) 
     C(2)-Ir(1)-N(1) 176.87(18) 
     C(2)-Ir(1)-N(2) 87.97(19) 







Neutral bidentate ligands are readily coordinated to iridium by displacement of both 
acetonitrile ligands from 7.  Cationic [(NCN)Ir(CH2CH3)(bpy)][BF4] (8) is formed within 
minutes upon addition of one equivalent of bipyridine to a methylene chloride solution of 7 
(Scheme 4.10).   
 
Scheme 4.10. Synthetic route to [(NCN)Ir(CH2CH3)(bpy)][BF4] (8). 
 The proton NMR spectrum of 8 shows a Cs-symmetric molecule (Figure 4.13).  The 
imino protons  (8.80 ppm) and the methyl groups (2.76 ppm) are equivalent.  Since the 
bipyridine ligand lies on the mirror plane, the eight bipyridine protons are all inequivalent; 
they resonate in the range of 8.66 to 7.07 ppm.  The ethyl group appears as a quartet at 1.05 




Figure 4.13.  
1
H NMR spectrum of [(NCN)Ir(CH2CH3)(bpy)][BF4] (8). 
 Addition of 30 mL water to a concentrated 3 mL methylene chloride solution of the 
bis-acetonitrile complex 7, followed by vigorous stirring for 12 hours at 50 °C results in 
replacement of both acetonitrile ligands with aqua ligands to form 
[(NCN)Ir(CH2CH3)(OH2)2][BF4] (9) (Scheme 4.11).  One aqua ligand is trans to the central 
aryl group of NCN while the other aqua ligand is trans to the ethyl group.  Complex 9 is 




Scheme 4.11.  Synthetic route to [(NCN)Ir(CH2CH3)(OH2)2][BF4] (9). 
 The proton NMR of 9 supports a Cs-symmetric complex with a mirror plane relating 
the two halves of the NCN ligand.  The two imino protons are equivalent at 8.83 ppm and the 
two methyl groups are equivalent at 2.66 ppm.  The ethyl group appears as a quartet at 0.88 
ppm and as a triplet at -0.18 ppm.  All four aqua protons are represented by a broad peak at 
2.20 ppm in CD2Cl2 due to rapid proton exchange.  When the tetrafluoroborate counterion is 
replaced with a triflate counterion, the proton NMR shows two species at 210K (Figure 
4.14).  One species is the cationic bis-aqua [(NCN)Ir(CH2CH3)(OH2)2][OTf] while the 
second species is neutral and has triflate bound to iridium in place of the aqua ligand trans to 
the ethyl group, (NCN)Ir(CH2CH3)(OH2)(OTf) (Scheme 4.12).  At room temperature, the 





Scheme 4.12. Ligand exchange from 9. 
 









 Red crystals of cationic bis-aqua complex 9 were grown by slow diffusion of hexanes 
into a concentrated methylene chloride solution of 9 at 273K.  The crystal structure shows a 
distorted octahedral geometry (Figure 4.15).  The Ir-Caryl bond length is 1.896Å and the Ir-
Cethyl bond length is 2.059 Å; both distances are the shortest of the observed structures.  The 
two Ir-N bond distances are likewise short at 2.071 and 2.056 Å.  The Ir-O(2) bond length is 
2.254 Å while the Ir-O(1) bond length corresponding to the aqua ligand trans to the aryl ring 
is longer at 2.283 Å.  The N(1)-Ir-N(2) bond angle is 159.3° and the O(1)-Ir-O(2) bond angle 
is 86.24°.   
 






Table 4.5. Bond lengths and bond angles of [(NCN)Ir(CH2CH3)(OH2)2][BF4] (9). 
Bond distances (Å)   Bond angles (deg) 
Ir(1)-N(1) 2.071(5)  N(1)-Ir(1)-N(2) 159.3(2) 
Ir(1)-N(2) 2.056(5)  N(1)-Ir(1)-C(15) 79.6(2) 
Ir(1)-O(1) 2.283(4)  N(2)-Ir(1)-C(15) 79.7(2) 
Ir(1)-O(2) 2.254(5)  C(15)-Ir(1)-C(2) 92.3(3) 
Ir(1)-C(2) 2.059(7)  C(15)-Ir(1)-O(1) 177.8(2) 
Ir(1)-C(15) 1.896(6)  C(15)-Ir(1)-O(2) 91.8(2) 
     C(2)-Ir(1)-O(1) 89.7(2) 
     C(2)-Ir(1)-O(2) 175.4(2) 




A non-heterocyclic bis(imino)aryl ligand with blocking methyl substituents, 4,6-
dimethyl-1,3-benzenediphenylimine (NCHN), has been synthesized.  Reaction with 
[Ir(CH2=CH2)2(Cl)]2 under mild conditions led to (NCN)Ir(CH2CH3)(Cl) via C-H activation 
at the central aryl position of the NCN ligand.  This five-coordinate complex proved to be a 
versatile starting material for modification of the three remaining coordination sites.  Neutral 
nucleophiles including water and triphenylphosphine could be readily added to the vacant 
sixth coordination site.  Protonation of the ethyl group resulted in loss of ethane and 
formation of a dicationic chloride-bridged (NCN)Ir dimer.  Alternatively, the chloride ligand 
could be abstracted from (NCN)Ir(CH2CH3)(Cl) to access various neutral and cationic 
species, including (NCN)Ir(CH2CH3)(OAc), [(NCN)Ir(CH2CH3)(NCCH3)2][BF4], 
[(NCN)Ir(CH2CH3)(bpy)][BF4], and [(NCN)Ir(CH2CH3)(OH2)2][BF4].  The bis-aqua 




Table 4.6. Crystal and data collection parameters for (NCN)Ir(Et)(Cl)(OH2) (3), 
(NCN)Ir(Et)(Cl)(PPh3) (4), and (NCN)Ir(Et)(OAc) (6). 
 
Complex 3 4  6   
Empirical Formula C24H26ClIrN2O C42H39ClIrN2P  C26H27IrN2O2   
Formula Weight 586.12 830.37  591.70   
Color Red Red  Red   
Temperature 100 K 100 K  100 K   
Crystal System Monoclinic Monoclinic  Triclinic   
Space Group P21/n P21/n  P-1   
Unit Cell Dimensions a = 12.5082(3) Å 
b = 11.5034(3) Å 
c = 14.9983(4) Å 
α = 90.00° 
β = 93.8010(10)° 
γ = 90.00° 
a = 11.7273(3) Å 
b = 16.9263(4) Å 
c = 17.7219(4) Å 
α = 90.00° 
β = 95.4520(10)° 
γ = 90.00° 
 a = 10.3583(2) Å 
b = 10.4763(2) Å 
c = 12.0455(3) Å 
α = 73.8230(10)° 
β = 83.5340(10)° 









Z 4 4  2   






   






   
F(000) 1144.0 1656.0  580.0   




0.35 x 0.1 x 0.079 
mm
3 


















Reflections Collected 19808 33963  12793   
Data/Restraints/Parameters 4262/0/266 6959/0/427  3770/0/284   
Goodness-of-fit on F
2
 1.234 1.048  1.183   
Final R indices 
[I>2sigma(I)] 
R Indices (all data) 
R1 = 0.0262, 
wR2 = 0.0671 
R1 = 0.0264,  
wR2 = 0.0672 
R1 = 0.0235,  
wR2 = 0.0585 
R1 = 0.0260,  
wR2 = 0.0600 
 R1 = 0.0308,  
wR2 = 0.0725 
R1 = 0.0310,  
wR2 = 0.0727 
  
Largest diff. peak and hole 1.41 and -0.78e.Å
-3 
1.13 and -0.74 e.Å
-3 






Table 4.7. Crystal and data collection parameters for [(NCN)Ir(Et)(NCCH2)2][BF4] (7) and 
[(NCN)Ir(Et)(OH2)2][BF4] (9). 
 
Complex 7 9    
Empirical Formula C28H30BF4IrN4 C24H28BF4IrN2O2 
 
   
Formula Weight 701.57 655.49    
Color Orange Red    
Temperature 100 K 100 K    
Crystal System Triclinic Monoclinic    
Space Group P-1 P21/c    
Unit Cell Dimensions a = 8.9633(2) Å 
b = 11.9394(2) Å 
c = 12.6935(2) Å 
α = 82.3830(10)° 
β = 84.2520(10)° 
γ = 85.7140(10)° 
a = 26.0020(6) Å 
b = 11.7258(3) Å 
c = 16.4472(4) Å 
α = 90.00° 
β = 100.461(2)° 
γ = 90.00° 





   
Z 2 8    




   




   
F(000) 688.0 2560.0    
Crystal Size 0.224 x 0.095 x 0.026 mm
3
 0.4 x 0.05 x 0.05 mm
3 
   









   
Reflections Collected 8056 28565    
Data/Restraints/Parameters 4431/0/348 9206/0/623    
Goodness-of-fit on F
2
 1.078 1.038    
Final R indices 
[I>2sigma(I)] 
R Indices (all data) 
R1 = 0.0353, 
wR2 = 0.0829 
R1 = 0.0419,  
wR2 = 0.0867 
R1 = 0.0409,  
wR2 = 0.0960 
R1 = 0.0538,  
wR2 = 0.1036 
   
Largest diff. peak and hole 2.15 and -0.95e.Å
-3 
2.95 and -1.18 e.Å
-3 
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SC0001011. 
Experimental 
 General Information.  Unless otherwise notes, reactions were performed open to air.  
Methylene chloride, hexanes, pentane, diethyl ether, toluene and tetrahydrofuran were 
purified by passage through an activated alumina column under a dry argon atmosphere.  
Methylene chloride-d2 was dried over CaH2 and degassed using standard freeze-pump-thaw 
techniques.    
NMR spectra were recorded on Bruker DRX400, 500, 600 or AVANCE400 
spectrometers.  The electrochemical measurements were taken with a BAS100B 
electrochemical analyzer potentiostat.  The electrodes were a planar BAS MF-2012 glassy 
carbon electrode, a platinum wire EG&G PARC K0266 counter electrode, and a 
Ag/AgCl EG&G PARC K0265 reference electrode. 
4,6-Dimethyl-1,3-benzenediphenylimine (NCHN) (1). 0.48 mL (5.34 mmol) of 
aniline was placed in a round bottom flask with 0.50 g (2.67 mmol) of 4,6-dimethyl-1,3-
benzenedicarboxaldehyde.  0.015 g (0.08 mmol) PTSA and 30 mL toluene were added.  The 
solution was refluxed for 24 hours, then cooled to room temperature.  The solvent was 
removed in vacuo and methanol was added to precipitate the product.  The 4,6-dimethyl-1,3-
benzenediphenylimine was washed with methanol to give  0.70 g (2.0 mmol) of tan powder 
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(78.0 % yield).  
1
H NMR (CDCl3, s, 2H, CHNs, 1H, Ph CH), 7.42 (t, 4H, Ph 




H} NMR (CDCl3, CHN), 152.82 Ph C), 141.47 Ph C), Ph C), 
132.73 (Ph C), 129.36 (Ph C), 126.01 (Ph C), 121.11 Ph C), 19.96 (-CH3). Analysis: 
Calculated: C, 84.58; H, 6.45; N, 8.97.  Found: C, 84.55; H, 6.15; N, 8.75.   
(NCN)Ir(CH2CH3)(Cl) (2). [Ir(C2H4)2Cl]2 (0.052 g, 0.092 mmol) was placed in a 
Schlenk flask under argon with  4,6-dimethyl-1,3-benzenediphenylimine (0.072 g, 0.23 
mmol).  Methylene chloride (20 mL) was added and the mixture was stirred for one hour.  
The solvent was removed in vacuo and the dark red residue was run down an alumina 
column flushed with hexanes, methylene chloride, and eluted with methanol.  Solvent was 
removed in vauo and the residue was triturated with hexanes to yield a dark red powder (0.13 
g, 80%) . 
 1
H NMR (CD2Cl2, s, 2H, CHNm, 8H, imine Ph CH), 7.41 (t, 2H, 





H} NMR (CD2Cl2, CHN), 151.70, 141.05, 139.93, 130.00, 128.17, 
124.08, 123.7 Ph C), 19.74 (Ph-CH3), 15.20 CH2-), -12.87 (-CH3). Analysis: Calculated: 
C, 50.74; H, 4.26; N, 4.93.  Found: C, 50.57; H, 4.52; N, 5.04.   
(NCN)Ir(CH2CH3)(Cl)(OH2) (3).  (NCN)Ir(Et)(Cl) (0.0086 g, 0.0015 mmol) was 
dissolved in CD2Cl2 (10  mL).  Water (2 µL, 0.012 mmol) was added and mixed.  The 
solvent was removed in vacuo and the red residue was triturated with hexanes to give a 
orange powder (0.0084 g, 95.5% yield).    
1
H NMR (CD2Cl2,  293Ks, 2H, 
CHNd, 4H, ortho-CHt, 4H, meta-CHt, 2H, para-CHs, 1H, Ar 







H} NMR (CD2Cl2, , 293KCHN), 152.41, 139.79, 138.96, 129.63, 
127.59, 123.97, 122.91 Ar C), 19.60 (Ph-CH3), 14.34 CH2-), -6.19 (-CH3).  Analytical 
data: Calculated: C, 49.18; H, 4.62; N, 4.12. Found: C, 49.34; H, 4.47; N, 4.46. 
(NCN)Ir(CH2CH3)(Cl)(PPh3) (4).  (NCN)Ir(Et)(Cl) (0.020 g, 0.035 mmol) was 
dissolved in CD2Cl2 (10  mL).  Triphenylphosphine (0.0092 g, 0.035 mmol) was added and 
mixed, immediately resulting in a bright red solution.  The solvent was removed in vacuo and 
the orange-red residue was triturated with hexanes to give a bright orange powder (0.027 g, 
0.033 mmol, 94.2% yield).  
1
H NMR (CD2Cl2,  295Ks, 2H, CHN), 7.38, 7.34, 7.31, 
7.03, 6.83m, 25H, Ph CHs, 1H, Ar CH2.44 (s, 6H, Ph-CH3), 1.43 (m, 2H, -CH2-), 








H} NMR (CD2Cl2, 
CHN), 152.16, 140.88, 138.69, 133.69, 133.62, 132.40, 129.06, 128.96, 128.62, 
127.65, 127.57, 125.64, 122.97 Ph C), 19.66 (Ph-CH3), 13.17 CH2-), 2.22 (-CH3). 
Analytical data: Calculated: C, 60.75; H, 4.73; N, 3.37. Found: C, 60.48; H, 4.60; N, 3.26. 
[(NCN)Ir(Cl)]2[OTf]2 (5).  (NCN)Ir(Et)(Cl) (0.016 g, 0.028 mmol) was dissolved in 
CH2Cl2 (10 mL) and trifluoromethanesulfonic acid (2.5 µL, 0.028 mmol) was added and 
mixed.  The solvent was removed in vacuo and the orange-red residue was washed once with 
water to remove the excess acid.  Then the residue was triturated with hexanes to give an 
orange powder (0.015 g, 80.0% yield).  
1
H NMR (CD2Cl2,  293Ks, 2H, 





H} NMR (CD2Cl2, , 293KCHN), 150.41, 144.27, 140.24, 
130.19, 129.06, 126.68, 123.11, 120.12 Ph C), 19.38 (Ph-CH3).  Analytical data: Calculated: 
C, 40.14; H, 2.78; N, 4.07. Found: C, 40.15; H, 3.20; N, 3.64. 
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(NCN)Ir(CH2CH3)(OAc) (6).  (NCN)Ir(Et)(Cl) (0.020 g, 0.035 mmol) was dissolved 
in CH2Cl2 (10 mL) and excess silver acetate (0.10 g, 0.60 mmol) was added and stirred for 
one hour.  The mixture was filtered and the solvent was removed in vacuo, followed by a 
hexanes wash to produce a red powder (0.018 g, 0.030 mmol, 87% yield).   
1
H NMR 
(CD2Cl2,  289Ks, 2H, CHNd, 4H, ortho-Ph CHt, 4H, meta-Ph 
CHt, 2H, para-Ph CH), 6.73 (s, 1H, Ar CH) (s, 6H, Ph-CH3), 1.54 (s, 3H, 




H} NMR (CDCl3, CHN), 
151.57, 139.71, 139.29, 129.32, 127.50, 123.93, 122.72 Ph C), 68.34 (OAc-C), 25.24 (OAc-
CH3), 19.75 (Ph-CH3), 14.78 CH2-), -7.86 (-CH3).  Analytical data: Calculated: C, 52.77; 
H, 4.60; N, 4.73. Found: C, 52.32; H, 4.77; N, 5.10. 
[(NCN)Ir(CH2CH3)(NCCH3)2][BF4] (7).  (NCN)Ir(CH2CH3)(Cl) (0.20 g, 0.35 
mmol) was placed in a Schlenk flask and dissolved in acetonitrile (10 mL).  Silver 
tetrafluoroborate (0.23 g, 1.2 mmol) was added and the mixture was stirred one hour.  The 
solution was filtered and the solvent was removed in vacuo.  The residue was dissolved in a 
minimum amount of methylene chloride and placed on a silica plug.  Hexanes and methylene 
chloride washed the complex, and it was eluted with ethyl acetate (0.24 g, 0.34 mmol, 98% 
yield).   
1
H NMR (CD2Cl2, , 293Ks, 2H, CHNt, 4H, meta-Ph CH), 7.43 (d, 
4H, ortho-Ph CH), 7.41 t, 2H, para-Ph CH), 6.82 (s, 1H, Ph CH), 2.66 (s, 6H, Ph-CH3), 





NMR (CD2Cl2, CHN), 151.17, 141.61, 139.98, 129.72, 128.34, 123.91 (Ph C), 
119.38, 117.06 (Ir-N≡CCH3), 19.60 (Ph-CH3), 15.30 CH2-), 3.46, 3.30 (NCCH3), -8.71 (-




[(NCN)Ir(CH2CH3)(bpy)][OTf] (8). [(NCN)Ir(Et)(NCCH3)2][OTf] (0.020 g, 0.029 
mmol) was placed in a round-bottom flask and dissolved in CH2Cl2. Bipyridine (0.0045 g, 
0.029 mmol) was added.  The mixture was stirred for 5 minutes and the solvent was removed 
in vacuo.  The resulting bright red residue was washed with hexanes to produce a bright red 
powder (0.021 g, 0.027 mmol, 93% yield).  
1
H NMR (CD2Cl2,  295Ks, 2H, 
CHNd, 1H, bpy CHd, 1H, bpy CH), t, 1H, bpy CHm, 3H, bpy 
CH and Ph CHt, 1H, bpy CHt, 1H, bpy CHt, 1H, bpy CHt, 
1H, bpy CH (s, 1H, Ph CH), 6.99 t, 4H, Ph CHd, 4H, Ph CH2.76 (s, 6H, Ph-




H} NMR (CDCl3, CHN), 
151.75, 141.16, 139.99, 129.65, 127.83, 124.32, 123.72, 121.54 Ph C), 19.76 (Ph-CH3), 
15.17 CH2-), -12.66 (-CH3). Analytical data: Calculated: C, 50.17; H, 3.85; N, 6.69. Found: 
C, 50.07; H, 3.97; N, 7.30. 
[(NCN)Ir(CH2CH3)(OH2)2][BF4] (9).  [(NCN)Ir(CH2CH3)(NCCH3)2][BF4] (0.10 g, 
0.143 mmol) was dissolved in methylene chloride (3 mL) in a round-bottom flask open to the 
atmosphere.  30 mL deionized water was added and the mixture was heated to 50°C while 
stirring vigorously for 18 hours.  The mixture was filtered and the solvent was removed in 
vacuo and the dark red residue was triturated with hexanes to give a dark red powder (0.076 
g, 0.116 mmol, 81% yield).  
1
H NMR (CD2Cl2,  295Ks, 2H, CHNm, 8H, 
imine Ph CH), 7.41 (t, 2H, imine Ph CH), 6.79 (s, 1H, Ph CH), 2.66 (s, 6H, Ph-CH3), 2.2 




H} NMR (CD2Cl2, 
CHN), 151.75, 141.16, 139.99, 129.65, 127.83, 124.32, 123.72, 121.54 Ph C), 
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19.76 (Ph-CH3), 15.17 CH2-), -12.66 (-CH3). Analytical data: Calculated: C, 43.97; H, 
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Observation of Iridium(V) Intermediates From Oxidation of (NCN)Ir(CH2CH3)(Cl) 
 
Introduction 
Accessing high oxidation state organometallic complexes is an area of much interest 
due to the heightened reactivity of such species.
1
  Utilization of vast methane stores by 
functionalization of C-H bonds is just one goal of oxidative chemistry.  For this reason, 
iridium(V) intermediates formed by oxidative addition with adjacent Ir-H and Ir-C bonds are 
particularly attractive because of their potential for functionalization of C-H bonds.  










, and C-H activation
21-28
.   Most iridium(V) species reported in the literature 
result from oxidative addition of H-H bonds
18,29,30
 or Si-H bonds
29,31-33
 by an Ir(III) center, 
while examples Ir(V) intermediates resulting from C-H oxidative addition are rare.
32,34
  In 
general, soon after an Ir(III) complex undergoes oxidative addition of an R-H bond (R = H, 
Si, C) to form an Ir(V) intermediate, reductive elimination occurs, producing a new Ir(III) 




Scheme 5.1. General scheme for the oxidative addition of H-H, Si-H, or C-H bonds at an 
Ir(III) center. 
 
Use of more traditional oxidants such as halogens is typically restricted for oxidation 
to Ir(III) complexes.  For example, oxidative addition of iodine by iridium(I) complexes is 
well-documented.
33,35-55
  These reactions generally employ a square-planar d
8
 iridium(I) 
complex with three neutral ligands and one anionic ligand.  Upon addition of one equivalent 
of iodine, the iridium center is oxidized to Ir(III) and adopts an octahedral geometry (Scheme 
5.2).  Iodine oxidation of iridium(III) species has not been previously reported to the best of 
our knowledge.   
 
Scheme 5.2. General scheme for oxidation addition of iodine to Ir(I) complexes. 
Results and Discussion 
 Electrophilic Addition.  Addition of one equivalent of elemental iodine to 
(NCN)Ir(CH2CH3)(Cl) (Chapter 4, 1) at 250 K results in formation of a new iridium species, 
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and we propose an iridium(V) intermediate (Scheme 5.3).  We propose a six-coordinate 
cationic complex, [(NCN)Ir(CH2CH3)(Cl)(I)][I], as the intermediate.  Upon warming the 
mixture to room temperature, ethyl iodide is released as a mixed halide metal complex 
(Figure 5.1), (NCN)Ir(Cl)(I) (10), is formed.  If reductive elimination occurs from the Ir(V) 
intermediate, both ethyl iodide and ethyl chloride might be expected to form.  However, ethyl 
chloride is not observed, suggesting that nucleophilic attack of the I
-
 counterion on the –
CH2– of the ethyl group is responsible for formation of ethyl iodide and formal reduction of 
the iridium center to Ir(III). 
 
Scheme 5.3. 1 reacts with iodine to form an Ir(V) intermediate followed by formation of 
ethyl iodide and (NCN)Ir(Cl)(I) (10).   
 
 To further support the assignment of the Ir(V) intermediate, 1,3-diiodo-5,5-
dimethylhydantoin was employed as an electrophilic I
+
 source.  Addition of one equivalent of 
1,3-diiodo-5,5-dimethylhydantoin to (NCN)Ir(CH2CH3)(Cl) at room temperature for ten 
minutes results in formation of the same intermediate as is formed with I2 based on proton 
NMR data (Scheme 5.4).  The [(NCN)Ir(CH2CH3)(Cl)(I)]
+
 intermediate is stable in a sealed 
NMR tube kept at   -20°C for several days.  Addition of tetraethylammoium iodide provides 
an I
-
 source.  The nucleophilic iodide anion attacks the methylene carbon of the iridium-ethyl 




Scheme 5.4. Reaction of 1 with 1,3-diiodo-5,5-dimethylhydantoin results in an Ir(V) cationic 
intermediate.  Addition of tetraethylammonium iodide produces the mixed halide product.   
  
The mixed halide metal species (NCN)Ir(Cl)(I) (10) undergoes halide exchange in 
methylene chloride over several hours to form (NCN)Ir(I)2 (11) and (NCN)Ir(Cl)2 (12) 
(Scheme 5.5).  Presumably the halide exchange occurs through a halide bridged dinuclear 
intermediate (Figure 5.1).  These two species have very similar spectral properties, but they 
can be differentiated by the imino protons of the NCN ligand (Figure 5.2).  The imino 
protons for the diiodide species appear at 8.30 ppm while the same protons in the dichloride 
species appear downfield at 8.42 ppm.  Comparable to addition of neutral ligands to complex 
1 (Schemes 4.5, 4.6), acetonitrile is readily added to the coordination spheres of 11 and 12 to 
produce 11·NCCH3 and 12·NCCH3 (Scheme 5.6). 
 
Scheme 5.5. Halide exchange from 2 in methylene chloride results in (NCN)Ir(I)2 (11)       





Figure 5.1. Proposed halide-bridged dinuclear intermediate for Scheme 5.5. 
 
 
Figure 5.2.  
1
H NMR spectrum showing the production of dihalide complexes 11 and 12 as 





Scheme 5.6. Addition of acetonitrile to diiodide complex 11 or to dichloride complex 12 to 
form 11·NCCH3 or 12·NCCH3. 
 
Red crystals of 11·NCCH3 were grown by slow evaporation of a methylene chloride 
solution of 11·NCCH3 at 275K.  The crystal structure of 11·NCCH3 shows a distorted 
octahedral geometry (Figure 5.3).  The NCN pincer ligand occupies three meridional sites as 
expected, and the two iodide ligands are both located cis to the central aryl carbon.  The 
acetonitrile ligand is trans to the central aryl carbon and cis to both iodide ligands.  The Ir-
Caryl bond length is 1.926 Å, comparable to the same bond lengths in complexes 3, 4, 6, 7, 
and 9.  The Ir-I bond lengths are 2.6630 Å and 2.6468 Å while the Ir-N(1) bond distance is 
2.140 Å.  The N-Ir-N bond angle of the NCN ligand is 158.19°, and the two trans iodide 




Figure 5.3. ORTEP diagram of (NCN)Ir(I)2(NCCH3) (11·NCCH3). 
 
Table 5.1. Bond lengths and bond angles of 11·NCCH3. 
Bond distances (Å)   Bond angles (deg) 
Ir(1)-N(1) 2.140(5)  N(2)-Ir(1)-N(3) 158.19(19) 
Ir(1)-N(2) 2.092(5)  N(2)-Ir(1)-C(10) 79.1(2) 
Ir(1)-N(3) 2.070(5)  N(3)-Ir(1)-C(10) 79.2(2) 
Ir(1)-I(1) 2.6630(4)  C(10)-Ir(1)-N(1) 177.86(18) 
Ir(1)-I(2) 2.6468(4)  C(10)-Ir(1)-I(1) 90.88(17) 
Ir(1)-C(10) 1.926(6)  C(10)-Ir(1)-I(2) 92.98(17) 
     N(1)-Ir(1)-I(1)  87.41(14) 
     N(1)-Ir(1)-I(2)  88.68(14) 




Red crystals of 12·NCCH3 were grown by slow evaporation of a methylene chloride 
solution of 12·NCCH3 at room temperature.  The crystal structure of 12·NCCH3 has 
distorted octahedral geometry (Figure 5.4).  The NCN pincer ligand occupies three 
meridional sites, and the acetonitrile ligand is trans to the central aryl carbon.  The two 
chloride ligands are both located cis to the central aryl carbon and trans to one another.  The 
Ir-Caryl bond length is 1.930 Å, and the Ir-N(1) bond distance is 2.151 Å.  The Ir-Cl bond 
lengths are 2.3552 Å and 2.3496 Å, both about 0.15 Å shorter than the Ir-Cl bond distances 
reported for complexes 3 ((NCN)Ir(CH2CH3)(Cl)(OH2)) and 4 
((NCN)Ir(CH2CH3)(Cl)(PPh3)) in chapter 4.  This discrepancy is likely due to the position of 
the chloride ligands trans to one another rather than trans to the aryl carbon as in complexes 
3 and 4.  The N-Ir-N bond angle of the NCN ligand is 158.71°, and the Cl-Ir-Cl bond angle is 
176.80°.  Comparing bond length and angle data from the diiodide and dichloride complexes 
(Tables 5.1, 5.2), the structures of 11·NCCH3 and 11·NCCH3 are nearly congruent.  The Cl-
Ir-Cl bond angle is larger than the related I-Ir-I bond angle by 1.3°, and the Ir-X (X = I, Cl) 
bond lengths differ by about 0.3 Å  due to the difference in halide size.  The remaining 
parameters show differences in bond lengths no greater than 0.02 Å and variations in bond 




Figure 5.4. ORTEP diagram of (NCN)Ir(Cl)2(NCCH3) (12·NCCH3). 
Table 5.2. Bond lengths and bond angles of 12·NCCH3. 
Bond distances (Å)   Bond angles (deg) 
Ir(1)-N(1) 2.151(4)  N(2)-Ir(1)-N(3) 158.71(16) 
Ir(1)-N(2) 2.073(4)  N(2)-Ir(1)-C(10) 79.57(19) 
Ir(1)-N(3) 2.066(4)  N(3)-Ir(1)-C(10) 79.2(2) 
Ir(1)-Cl(1) 2.3552(12)  C(10)-Ir(1)-N(1) 178.41(19) 
Ir(1)-Cl(2) 2.3496(12)  C(10)-Ir(1)-Cl(1) 92.35(15) 
Ir(1)-C(10) 1.930(5)  C(10)-Ir(1)-Cl(2) 90.65(15) 
     N(1)-Ir(1)-Cl(1) 87.57(11) 
     N(1)-Ir(1)-Cl(2) 89.40(11) 
     Cl(1)-Ir(1)-Cl(2) 176.80(4) 
 
 
 Oxidative Addition.  We believe oxidative addition of R3Si-H to 
(NCN)Ir(CH2CH3)(Cl) (1) also occurs.  Upon addition of triethylsilane to 1, the Si-H bond is 
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oxidatively added to iridium, producing an observed seven-coordinate Ir(V) intermediate, 
(NCN)Ir(CH2CH3)(Cl)(H)(SiEt3) (13) (Scheme 5.7).  While the intermediate can be observed 
by proton NMR during the first 10 minutes of reaction, reductive elimination of ethane 
occurs quickly at room temperature, preventing isolation of the intermediate for further 
analysis.  The elimination of ethane results in formation of (NCN)Ir(Cl)(SiEt3) (14). 
 
  
Scheme 5.7.  Oxidative addition of triethylsilane to 1 produces an Ir(V) intermediate (13) 
from which reductive elimination of ethane occurs, producing (NCN)Ir(Cl)(SiEt3) (14). 
 
 
 For the iridium(V) intermediate 13, the distinguishing proton NMR peak is a broad 
singlet at -19.8 ppm that represents the iridium hydride (Figure 5.5).  The –CH2– and –CH3 
of the ethyl group bound directly to iridium as well as the –CH2– and –CH3 of the 
triethylsilyl group all appear as broad signals in the room temperature NMR spectra.  This 
broadening is consistent with a room temperature fluxional process compatible with flexible 
seven-coordination, and consistent with the assignment of the intermediate as the expected 
(NCN)Ir(CH2CH3)(Cl)(H)(SiEt3) intermediate resulting from simple oxidative addition of a 




Figure 5.5.  
1
H NMR spectrum taken 3 minutes after addition of triethylsilane to 1 at room 
temperature.  Complexes 1, 13, and 14 are labeled. 
 
 
 Upon loss of ethane from the iridium(V) intermediate 13, the Cs-symmetric complex 
(NCN)Ir(Cl)(SiEt3) (14) is formed (Scheme 5.7).  The proton NMR spectrum reflects the 
presence of a mirror plane perpendicular to the plane of the NCN ligand by displaying one 
signal for the two equivalent imino protons at 9.18 ppm and one signal for the equivalent 
methyl groups at 2.65 ppm (Figure 5.6).  The signals for the –CH2– and –CH3 of the silyl 
ethyl groups shift upfield from free triethylsilane to 0.53 ppm (q, –CH2–) and 0.31 ppm (t, –
CH3).  Complex 13 does undergo additional chemical reactions with excess triethylsilane, but 




Figure 5.6.  
1
H NMR spectrum of (NCN)Ir(Cl)(SiEt3) (14). 
 
Summary 
 Oxidation of (NCN)Ir(CH2CH3)(Cl) (1) to iridium(V) intermediates occurs by 
electrophilic addition and oxidative addition pathways.  Addition of iodine to 1 appears to 
follow an electrophilic addition pathway, resulting in a cationic Ir(V) intermediate, 
[(NCN)Ir(CH2CH3)(Cl)(I)][I].  The nucleophilic iodide counterion attacks the ethyl group, 
resulting in ethyl iodide and a mixed halide species 10.  This mechanism is supported by the 
reaction of 1 with an I
+
 donor, which produces a spectroscopically similar Ir(V) intermediate 
which can be reduced to 10 by addition of an I
-
 reagent.  Mixed halide complex 10 undergoes 
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halide exchange to produce the diiodide complex 11 and dichloride complex 12.  Oxidative 
addition of a Si-H bond to 1 occurs with triethylsilane, resulting in a seven-coordinate Ir(V) 
intermediate (13) observed by 
1
H NMR.  Reductive elimination of ethane is fast from the 
Ir(V) complex and produces an Ir-silyl complex (14).   
 
 
Table 5.3. Crystal and data collection parameters for (NCN)Ir(I)2(NCCH3) (11·NCCH3)   
and (NCN)Ir(Cl)2(NCCH3) (12·NCCH3). 
 
Complex 11·NCCH3 12·NCCH3    
Empirical Formula C25H24Cl2I2IrN3 C24H22Cl2IrN3    
Formula Weight 883.37 615.55    
Color Red Red    
Temperature 100 K 100 K    
Crystal System Triclinic Monoclinic    
Space Group P-1 P21/c    
Unit Cell Dimensions a = 9.3091(2) Å 
b = 10.6589(2) Å 
c = 15.2032(3) Å 
α = 77.1290(10)° 
β = 87.8490(10)° 
γ = 67.5570(10)° 
a = 15.0435(4) Å 
b = 12.2508(3) Å 
c = 162.8563(3) Å 
α = 90.00° 
β = 91.541(2)° 
γ = 90.00° 





   
Z 2 4    




   




   
F(000) 824 1192.0    
Crystal Size 0.274 x 0.151 x 0.146 mm
3
 0.429 x 0.058 x 0.034 mm
3 
   









   
Reflections Collected 21720 10922    
Data/Restraints/Parameters 4968/0/301 4400/0/274    
Goodness-of-fit on F
2
 1.043 1.080    
Final R indices 
[I>2sigma(I)] 
R Indices (all data) 
R1 = 0.0388, 
wR2 = 0.1025 
R1 = 0.0411,  
wR2 = 0.1045 
R1 = 0.0340,  
wR2 = 0.0850 
R1 = 0.0389,  
wR2 = 0.0873 
   
Largest diff. peak and hole 2.018 and -1.543e.Å
-3 
2.25 and -0.93 e.Å
-3 






 General Information.  Reactions were performed under a dry nitrogen atmosphere 
using standard Schlenk techniques.  Methylene chloride, hexanes, pentane, diethyl ether, 
toluene and tetrahydrofuran were purified by passage through an activated alumina column 
under a dry argon atmosphere.  Methylene chloride-d2 was dried over CaH2 and degassed 
using standard freeze-pump-thaw techniques.   NMR spectra were recorded on Bruker 
DRX400, 500, or AVANCE400 spectrometers.   
(NCN)Ir(Cl)(I) (10).  (NCN)Ir(CH2CH3)(Cl) was dissolved in methylene chloride in 
an NMR tube.  One equivalent of iodine was added and the NMR tube was shaken to mix 
thoroughly.  
1
H NMR (CD2Cl2,  295Ks, 2H, CHN (m, 10 H, Ph 
CH)s, 1H, Ar-H), 2.74 (s, 6H, Ph-CH3). 
(NCN)Ir(I)2 (11).  (NCN)Ir(CH2CH3)(Cl) was dissolved in methylene chloride.  One 
equivalent of iodine was added and the mixture was combined for one hour at room 
temperature.  The solvent was removed by rotovapping and the resulting residue was 
dissolved in CD2Cl2 for NMR.  
1
H NMR (CD2Cl2,  295Ks, 2H, CHN 




H} NMR (CD2Cl2, 
CHN), 142.09, 129.66, 129.52, 129.26, 128.19, 127.63, 125.39, 124.03, 123.67, 
123.31 Ph C), 19.40 (Ph-CH3). 
(NCN)Ir(I)2(NCCH3) (11·NCCH3).  Acetonitrile was added to a methylene chloride 
solution of (NCN)Ir(I)2.  
1
H NMR (CD2Cl2,  295Ks, 2H, CHN (d, 4H, ortho-
Ph CH), 7.44 t, 4H, meta-Ph CHt, 2H, para-Ph CHs, 1H, Ar-H), 2.71 (s, 




H} NMR (CDCl3, CHN), 152.07, 
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141.80, 140.32, 129.86, 128.09, 125.04, 124.18, 123.84 Ph C), 19.71 (Ph-CH3), 3.62 
NCCH3). Analytical data for Ir(NCN)(I)2(NCCH3): Calculated: C, 36.10; H, 2.78; N, 5.26.  
Found: C, 36.03; H, 2.52; N, 5.07. 
(NCN)Ir(Cl)2 (12).  (NCN)Ir(CH2CH3)(Cl) was dissolved in methylene chloride.  
One equivalent of iodine was added and the mixture was combined for one hour at room 
temperature.  The solvent was removed by rotovapping and the resulting residue was 
dissolved in CD2Cl2 for NMR.  
1
H NMR (CD2Cl2,  295Ks, 2H, CHN 




H} NMR (CDCl3, 
CHN), 152.32, 151.21, 142.20, 140.21, 129.66, 129.39, 128.30, 127.77, 124.22, 
123.46 Ph C), 19.42 (Ph-CH3).   Analytical data: Calculated: C, 45.99; H, 3.33; N, 4.88.  
Found: C, 45.66; H, 3.94; N, 4.28. 
(NCN)Ir(Cl)2(NCCH3) (12·NCCH3).    Acetonitrile was added to a methylene 
chloride solution of (NCN)Ir(Cl)2.  
1
H NMR (CD2Cl2,  295Ks, 2H, CHN), (d, 
4H, ortho-Ph CH), 7.44 t, 4H, meta-Ph CHt, 2H, para-Ph CHs, 1H, Ar-H), 
2.73 (s, 6H, Ph-CH3), 2.14 (s, 3H, NCCH3).
(NCN)Ir(CH2CH3)(Cl)(H)(SiEt3) (13).  (NCN)(Ir)(CH2CH3)(Cl) was dissolved in 
methylene chloride in an NMR tube.  Two equivalents of triethylsilane were added and the 
NMR tube was shaken to mix.  
1
H NMR (CD2Cl2,  295Ks, 2H, CHN), 7.81-
7.08H, Ph CHs, 1H, Ar-H), 2.59 (s, 6H, Ph-CH3), 1.01 (broad t, 3H, Si-CH2-
CH3), 0.81 (broad q, 6H, Si-CH2-CH3), 0.38 (broad q, 2H, Ir-CH2-CH3), -0.31 (broad t, 3H, 
Ir-CH2-CH3), -19.82 (broad s, 1H, Ir-H).   
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(NCN)Ir(Cl)(SiEt3) (14).  (NCN)(Ir)(CH2CH3)(Cl) was dissolved in methylene 
chloride in an NMR tube.  Two equivalents of triethylsilane were added and the NMR tube 
was shaken to mix and the mixture was allowed to react for twenty minutes.  
1
H NMR 
(CD2Cl2,  295Ks, 2H, CHN), (d, 4H, ortho-Ph CH), 7.48 t, 4H, meta-Ph 
CHd, 2H, para-Ph CHs, 1H, Ar-H), 2.65 (s, 6H, Ph-CH3), 0.53 (t, 9H, Si-




H} NMR (CDCl3, CHN), 141.14, 
129.49, 129.08, 127.89, 125.11, 123.47 Ph C), 19.83 (Ph-CH3), 6.75 (Si-CH2-CH3), 6.12 
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Chapter 6 
Accessing Water Oxidation Intermediates and Electrochemistry of Solution and                            
Surface-Bound Water Oxidation Catalysts 
 
Introduction 
The thermodynamically uphill oxidation of water to dioxygen occurs in nature with 
sunlight providing the necessary driving force, and scientists have searched for means to 
mimic and utilize photocatalytic water oxidation as a potential energy source for decades.
1-18
  
The increasing focus on developing new energy solutions for our modern world has led to an 
explosion of research in the field of catalytic water oxidation over the past several years.
19-48
  
The net reaction involved in water oxidation requires two water molecules and  1.23 V to 
produce four protons, four electrons, and a molecule of dioxygen (Scheme 6.1).  While the 
majority of reported water-oxidation catalysts are homogeneous, heterogeneous systems have 
emerged for potential application in fuel cells.  These heterogeneous systems include 





and covalent carbon grafts
57,58
 .  Iridium-based water oxidation catalysts are relatively new, 
first reported in 2008
59














, and perylene diimide ligands
66




2H2O    4H
+  +  4e-  +  O2 
E°ox = 1.23 V vs. NHE 
Scheme 6.1. Net reaction of water oxidation. 
 
Scheme 6.2 shows a proposed reaction mechanism for water oxidation catalyzed by a 
mononuclear iridium water oxidation catalyst
24
.  The chloride ligand is displaced from a 
neutral chloro iridium catalyst by water, giving a cationic Ir(III) complex.  Two equivalents 
of cerium(IV) oxidize the iridium center to an Ir(V) oxo complex, the active species that 
forms the O-O bond by nucleophilic attack of water.  The resulting Ir(III) peroxo 
intermediate is oxidized to release O2 and the catalyst is regenerated by coordination of 
































 papers describing water 
oxidation catalyzed by homogeneous iridium complexes, our group has been interested in 
investigating water oxidation by an iridium pincer system.  Herein we present 
electrochemical studies on homogeneous water oxidation by bis-aqua complex 9 (Chapter 4) 
and on heterogeneous water oxidation by an iridium pincer complex bound to a metal oxide 
surface through phosphonate linkages.  Also included are our attempts to access key 









Results and Discussion 
 Oxygen-Atom Transfer Reagents.  We have employed a number of oxygen atom 
transfer (OAT) reagents in an attempt to access an Ir(V) oxo complex.  These include 
pyridine N-oxide, 1-[(1,1-dimethylethyl)sulfonyl]-2-iodosylbenzene (sPhIO), 
metachloroperbenzoic acid (MCPBA), and sodium periodate (NaIO4).   
 Reaction of five-coordinate complex 1 with pyridine N-oxide results in simple 
coordination of the N-oxide through the oxygen atom to form a six-coordinate adduct (15) 
(Scheme 6.3).  No further reaction occurred, indicating that pyridine N-oxide is not a strong 
enough OAT reagent to transfer its oxygen to iridium.  The proton NMR spectrum of 15 




Scheme 6.3.  Reaction of 1 with pyridine N-oxide forms a simple adduct (15). 
 Complex 1 reacts with sPhIO at 250K to form a proposed adduct intermediate (Int) 
that can be observed by proton NMR (Scheme 6.4, Figure 6.3).  As the intermediate decays, 
complex 1 returns, accompanied by formation of 1-[(1,1-dimethylethyl)sulfonyl]-2-
iodobenzene (sPhI) and 1-[(1,1-dimethylethyl)sulfonyl]-2-iodoylbenzene (sPhIO2).  We 





Figure 6.2.  
1
H NMR spectrum of 15. 
 






H NMR spectra of the reaction of 1 with sPhIO showing the formation of an 
intermediate at 250K followed by disproportionation of sPhIO and regeneration of 1. 
 
 A simple adduct is also formed immediately upon reaction of 1 with MCPBA (16) 
(Scheme 6.5, Figure 6.4).  Proton transfer occurs overnight from MCPBA to the iridium-
ethyl group to eliminate ethane and form a new iridium(III) complex (17) (Figure 6.5).  It has 




Scheme 6.5. Reaction of (NCN)Ir(CH2CH3)(Cl) (1) with MCPBA produces an MCPBA 











H NMR spectrum of 17. 
 
 The reaction of MCPBA with cationic bis-aqua complex 9 yields a very different 
result than the reaction of MCPBA with neutral complex 1.  Addition of one equivalent of 
MCPBA to a solution of 9 at 195K followed by warming to room temperature over 15 
minutes results in loss of ethylene gas and formation of a new neutral species (Scheme 6.6, 
Figure 6.6).  The resulting complex 18 is proposed to be (NCN)Ir(OH)(OH2)(OOC-C6H4Cl).  
Scheme 6.7 shows a possible mechanism for the reaction of 9 with MCPBA to produce 
ethylene.  Loss of one labile aqua ligand gives an open site for MCPBA to transfer an oxygen 
atom to iridium, forming a possible cationic Ir(V) oxo species.  Hydride transfer from the –
CH3 group of the iridium-ethyl group to the electrophilic iridium-oxo results in formal 
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reduction of iridium to Ir(III) and formation of free ethylene.  Coordination of 
metachlorobenzoate gives the proposed product 18.   
 
Scheme 6.6.  Reaction of [(NCN)Ir(CH2CH3)(OH2)2][BF4] (9) with MCPBA produces 
ethylene gas and a neutral iridium species (18).   
 






H NMR spectrum of 18. 
 
 Complex 9 reacts with sodium periodate (NaIO4) rapidly in water at 275K.  Due to 
the insolubility of NaIO4 in organic solvents, a true low temperature study of this reaction 
was not possible.  Upon initial reaction of NaIO4 with complex 9 at 275K, an intermediate is 
formed accompanied by formation of ethylene and loss of the Ir-ethyl group (Figure 6.7).  
The strength of the NaIO4 oxidant results in complete decomposition of the iridium pincer 
species upon warming the mixture to room temperature, but the free ethylene is observed 
(Scheme 6.8).  Perhaps the formation of the ethylene follows a mechanism similar to the one 
proposed in Scheme 6.7.  Upon formation of an Ir(V) oxo species, a hydride from the –CH3 
group of the iridium-ethyl is transferred to the oxo.  Reduction to Ir(III) is accompanied by 
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formation of ethylene.  The further reactions resulting from the iodate and any unreacted 
periodate result in decomposition of the iridium pincer fragment.   
 
Scheme 6.8.  Reaction of complex 9 with NaIO4 results in formation of ethylene and 




H NMR spectrum of the reaction of 9 with NaIO4 at 275K, three minutes after 
initial mixing.  Complex 9 and the intermediate appear in a 3:1 ratio. 
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Solution Electrochemistry.   Cyclic voltammetry of water-soluble bis-aqua complex 
9 at pH 6.86 shows two waves, identified by the square wave trace.  The first wave, at 0.644 
V vs Ag/AgCl, is assigned to the Ir(IV)/Ir(III) couple, while the second wave, at 0.832 V, is 
assigned to the Ir(V)/Ir(IV) couple.   A third wave for the Ir(VI)/Ir(V) couple is pH 
independent and appears at 1.466 V.  CVs with different scan rates ranging from 25 mV/s to 
100 mV/s were taken and normalized (Figure 6.8).  As the scan rate decreases, the current 
increases, indicating catalytic water oxidation.  Due to the 0.1 M buffer solutions used in 
solution electrochemistry, complex 9 only remains soluble over a pH range of about 2-8, 
preventing collection of enough data to construct a Pourbaix diagram.  At high pH (pH > 8), 
deprotonation of the bound water occurs, resulting in a neural and less soluble complex.  The 
buffers at lower pH (pH < 2) use nitrate as the electrolyte.  Nitrate can displace the two 




Figure 6.8.  Normalized CVs of 9 at pH 6.86 (I = 0.1 M, NaH2PO4/Na2HPO4 buffer; various 
scan rates). The dotted line is the background current under the same experimental 
conditions.   
 
Surface Electrochemistry.  [Ir(NCN)(Et)(NCCH3)2][BF4] (NCN = 4,6-dimethyl-1,3-
bis(phenylimino)benzene) (Chapter 4, 7) reacts with 4,4’((EtO)2OPCH2)2bipyridine in 
methylene chloride at room temperature over 24 hours to form 
[Ir(NCN)(Et)(4,4’((EtO)2OPCH2)2bpy)][BF4] (19) (Scheme 6.9).  Refluxing a 5M HCl 
solution of complex 19 for four days produces [Ir(NCN)(OH2)(4,4’((HO)2OPCH2)2bpy)][Cl]2 
(20).  The hydrochloric acid both hydrolyzes the phosphonate esters and protonates the Ir-
ethyl group to yield an iridium(III) complex with an aqua ligand in the sixth coordination 




Scheme 6.9. Synthetic route to 19 and 20. 
 
Phosphonate surface binding to fluorine-doped SnO2 (FTO) occurs by exposure of the 
electrode to a 0.1 mM stock solution of 20 in methanol for two hours to give 20|FTO (Figure 
6.9).  Figure 6.10 shows a cyclic voltammagram (CV) of 20|FTO at pH 7.008 
(NaH2PO4/Na2HPO4 buffer, I = 0.1 M) scanned oxidatively to 1.40 V at a scan rate of 100 
mV/s.  pH-dependent reversible waves appear for Ir(IV/III) and Ir(V/IV) couples at 0.26 and 
0.75 V vs. Ag/AgCl, respectively.  The dotted line in the figure shows a CV of a blank FTO 
slide under the same experimental conditions.  As expected for surface couples, the peak 
currents vary with the scan rate.   
CVs at various scan rates were taken at the same pH and normalized by dividing the 
current by the scan rate (i/ν).  In Figure 6.11 the scan-rate-normalized CVs are shown for 
scan rates ranging from 10 mV/s to 1000 mV/s.  The catalytic peak current (i/ν) increases 




Figure 6.9. Schematic representation of the phosphonate binding in 20|FTO.   
 
Figure 6.10. CV of 20|FTO at pH 7.008 (I = 0.1 M, NaH2PO4/Na2HPO4 buffer; scan rate 




Figure 6.11. Normalized CVs of 20|FTO at pH 7.008 (I = 0.1 M, NaH2PO4/Na2HPO4 buffer; 
various scan rates).  
 
 Figure 6.12 shows a plot of E1/2 vs. pH for the Ir(IV/III) and Ir(V/IV) surface-bound 
couples at 20|FTO (I = 0.1 M; scan rate 100 mV/s).  The Ir(IV)-OH2/Ir(III)-OH2 couple is a 
one-electron process and is not pH-dependent, resulting in a slope near 0 mV/pH unit.  
Between pH 1.8 and pH 8.5, a slope of -54 mV/pH unit is observed, indicating a one-
electron/one-proton process for the Ir(IV)-OH/Ir(III)-OH2 couple.  Note that the Nernst 
equation predicts a slope of -59 mV/pH unit for a one-electron/one-proton process.  The pKa 
for the Ir(III)-OH2/Ir(III)-OH acid/base pair is 8.5.  The Ir(IV)-OH/Ir(III)-OH couple is a 
one-electron process and the potential is not pH dependent.  The pKa for Ir(IV)-OH2/Ir(IV)-
OH is 1.8.  The Ir(V)=O/Ir(IV)-OH2 couple is a one-electron/two proton process and is pH-
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dependent, resulting in a slope of -123 mV/pH unit, close to the Nernst-predicted 120 mV/pH 
unit slope for a two-proton process.  The Ir(V)=O/Ir(IV)-OH couple is a one-electron/one 
proton process and has a slope of -60 mV/pH unit.   
 
Figure 6.12. Pourbaix diagram showing of E1/2 vs. pH for the Ir(IV/III) and Ir(V/IV) surface-
bound redox couples of 20|FTO (I = 0.1 M; scan rate of 100 mV/S). 
 
Summary 
 Oxygen atom transfer reagents including pyridine N-oxide, 1-[(1,1-
dimethylethyl)sulfonyl]-2-iodosylbenzene, metachloroperbenzoic acid,  and sodium 
periodate have been employed to try to access the elusive Ir(V) oxo intermediate proposed in 
the mechanism of catalytic water oxidation by iridium.  Reaction of pyridine-N-oxide, 
sPhIO, and MCPBA with 1 resulted in adduct formation.  However, reaction of MCPBA 
with bis-aqua complex 9 resulted in formation of ethylene from the Ir-ethyl group, through a 
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possible Ir(V) oxo species.  Complex 9 also reacted rapidly with NaIO4 to produce a short-
lived intermediate accompanied by formation of ethylene gas, possible through a similar 
mechanism as the MCPBA reaction.  Aqueous electrochemistry of 9 showed catalytic water 
oxidation, though data at pH < 2 and pH > 8 could not be collected due to reaction with 
electrolyte and resulting insolubility.  Surface electrochemistry was performed on a 
bipyridine complex 20 bound to FTO through phosphonate groups on the bipyridine ligand.  
Catalytic water oxidation by 20|FTO over a pH range of 0 to 11 and a Pourbaix diagram was 
















 General Information.  Reactions were performed under a dry nitrogen atmosphere 
using standard Schlenk techniques.  Methylene chloride, hexanes, pentane, diethyl ether, 
toluene and tetrahydrofuran were purified by passage through an activated alumina column 
under a dry argon atmosphere.  Methylene chloride-d2 was dried over CaH2 and degassed 
using standard freeze-pump-thaw techniques.    
NMR spectra were recorded on Bruker DRX400, 500, or AVANCE400 
spectrometers.  The electrochemical measurements were taken with a BAS100B 
electrochemical analyzer potentiostat.  The electrodes were a planar BAS MF-2012 glassy 
carbon electrode, a platinum wire EG&G PARC K0266 counter electrode, and a 
Ag/AgCl EG&G PARC K0265 reference electrode. 
(NCN)Ir(CH2CH3)(Cl)(O-NC5H5) (15).  (NCN)Ir(CH2CH3)(Cl) was dissolved in 
CD2Cl2 in an NMR tube.  One equivalent of pyridine N-oxide was added and the tube was 
shaken to mix.  Conversion was quantitative by NMR.  
1
H NMR (CD2Cl2, δ, 293K): 8.85 (s, 
2H, CHN), 8.04 (d, 2H, o-pyr CH), 7.60 (d, 4H, o-Ph CH), 7.32 (t, 4H, m-Ph CH), 7.27 (t, 
1H, p-Ph CH), 7.14 (m, 3H, m, p-pyr CH), 6.71 (s, 1H, Ar CH), 2.65 (s, 6H, Ar-CH3), 0.78 
(q, 2H, Ir-CH2-CH3), -0.13 (t, 3H, Ir-CH2-CH3).   
(NCN)Ir(CH2CH3)(Cl)(HOOOC-C6H5Cl) (16).  (NCN)Ir(CH2CH3)(Cl) was 
dissolved in CD2Cl2 in an NMR tube.  One equivalent of metachloroperbenzoic acid was 
added and the tube was shaken to mix.  Conversion was quantitative by NMR.  
1
H NMR 
(CD2Cl2, δ, 293K): 9.11 (s, 2H, CHN), 7.95-7.18 (Ph CH /Ar CH), 6.77 (s, 1H, Ar CH), 2.67 







(CD2Cl2, δ, 293K): 175.31 (CHN), 171.84 (C=O), 150.26, 142.23, 134.68, 130.13, 129.61, 
129.30, 128.31, 125.17, 123.79, 123.18 (Ph C, Ar, C), 19.61 (Ar-CH3), 14.73 (Ir-CH2-CH3), 
-8.09 (Ir-CH2-CH3).   




OOC-C6H5Cl) (17).  A sample of 
(NCN)Ir(CH2CH3)(Cl)(HOOOC-C6H5Cl) (16) was prepared and allowed to sit at room 
temperature overnight.  
1
H NMR (CD2Cl2, δ, 293K): 8.62 (s, 2H, CHN), 7.98-7.15 (Ph CH 




H} NMR (CD2Cl2, δ, 293K): 
183.56 (CHN), 171.65 (C=O), 151.41, 139.71, 134.59, 130.13, 129.49, 129.30, 127.14, 
123.79, 123.18 (Ph C, Ar, C), 19.71 (Ar-CH3).   
(NCN)Ir(OH)(OH2)(OOC-C6H4Cl) (18).  [(NCN)Ir(CH2CH3)(OH2)2][BF4] was 
dissolved in CD2Cl2 in an NMR tube at 195K.  One equivalent of metachloroperbenzoic acid 
was added and the tube was shaken to mix, followed by warming to 270K.  Conversion was 
quantitative by NMR.
 1
H NMR (CD2Cl2, δ, 270K): 8.58 (s, 2H, CHN), 8.06-7.28 (Ph CH /Ar 




H} NMR (CD2Cl2, δ, 293K): 178.76 
(CHN), 170.55 (C=O), 148.18, 134.81, 134.22, 131.92, 130.37, 129.88, 129.66, 128.67, 
123.40 (Ph C, Ar, C), 19.92 (Ar-CH3).   
[Ir(NCN)(Et)(4,4’((EtO)2OPCH2)2bpy)][BF4]  (19). [Ir(NCN)(Et)(NCCH3)2][BF4] 
(0.050 g, 0.071 mmol) was placed in a Schlenk flask and dissolved in CH2Cl2. 
4,4’((EtO)2OPCH2)2bipyridine (0.031 g, 0.072 mmol) was added, and the mixture was stirred 
for 20 hours at room temperature.  The mixture was filtered and the solvent was removed in 
vacuo to yield an orange powder, which was washed with hexanes (0.065 g, 0.060 mmol, 
83.3% yield).  
1
H NMR (CDCl3, δ, 293K): 8.71 (s, 2H, CHN), 8.55, 8.42, 7.58, 7.38, 7.07, 
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7.02 (each a d, 6H, bpy CH), 7.00 (t, 2H, p-Ph CH), 6.97 (t, 4H, m-Ph CH), 6.92 (s, 1H, Ar 
CH), 6.40 (d, 4H, o-Ph CH), 4.08 (m, 8H, P-O-CH2-CH3), 3.42 (dd, 4H, Ar-CH2-P), 2.72 (s, 










(CDCl3, δ, 293K): 199.58 (Ir-Ar C), 173.69 (CHN), 155.40, 155.14, 150.81, 150.05, 146.48, 
145.85, 145.68, 141.39, 138.74, 129.01, 128.74, 128.02, 127.51, 125.95, 125.63, 124.55, 
121.97 (Ph C, Ar, C, and bpy C), 62.76 (t, P-O-CH2-CH3, 
2
JPC = 5.7 Hz), 32.57 (d, bpy-CH2-
P, 
1
JPC = 26.4 Hz), 31.51 (d, bpy-CH2-P, 
1
JPC = 23.9 Hz), 19.76 (Ar-CH3), 16.37, 16.25 (each 
a d, P-O-CH2-CH3, 
3
JPC = 6.3 Hz), 14.53 (Ir-CH2-CH3), -5.16 (Ir-CH2-CH3).  Analytical data: 




(0.065 g, 0.060 mmol, was placed in a Schlenk flask and dissolved in 5 mL CH2Cl2.  5M HCl 
(20 mL) was added and the mixture was stirred vigorously while refluxing for two days.  
1
H 
NMR (D2O, δ, 293K): 8.96 (s, 1H, bpy CH), 8.48 (s, 2H, CHN), 7.79, 7.73, 7.45 (each a s, 
5H, bpy CH), 6.97, 6.89, 6.63 (m, 10H, PhCH), 6.62 (s, 1H, Ar CH), 3.02 (d, 2H, Ir-OH2), 









H} NMR (D2O, δ, 293K): 
180.03 (CHN), 148.79, 144.61, 139.03, 129.05, 127.58, 122.73, 121.73, 120.63, 118.53 (Ph 
C, bpy C), 38.70 (Ar-CH2-P), 18.48 (Ar-CH3).  Analytical data: Calculated: C, 44.12; H, 






Bond lengths (Å) and angles (°) for W(P
HN
P)(CO)4 (Chapter 2, 1). 
 
W(1)-C(7)  1.973(5) 
W(1)-C(3)  1.980(6) 
W(1)-C(1)  2.024(6) 
W(1)-C(5)  2.039(6) 
W(1)-P(1)  2.5351(14) 
W(1)-P(2)  2.5431(13) 
P(1)-C(9)  1.829(5) 
P(1)-C(16)  1.830(6) 
P(1)-C(22)  1.838(5) 
P(2)-C(28)  1.828(6) 
P(2)-C(11)  1.830(5) 
P(2)-C(34)  1.833(6) 
Si(1)-N(10)  1.715(5) 
Si(1)-C(12)  1.858(6) 
Si(1)-C(13)  1.876(5) 
Si(1)-C(9)  1.887(6) 
Si(2)-N(10)  1.716(5) 
Si(2)-C(15)  1.836(6) 
Si(2)-C(14)  1.873(5) 
Si(2)-C(11)  1.887(5) 
C(1)-O(2)  1.159(6) 
C(3)-O(4)  1.165(6) 
C(5)-O(6)  1.143(6) 
C(7)-O(8)  1.173(6) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
N(10)-H(10)  0.8800 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(21)  1.392(8) 
C(16)-C(17)  1.407(7) 
C(17)-C(18)  1.369(8) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.387(8) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.390(8) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.377(8) 
C(20)-H(20)  0.9500 
C(21)-H(21)  0.9500 
C(22)-C(27)  1.389(7) 
C(22)-C(23)  1.393(7) 
C(23)-C(24)  1.380(8) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.386(8) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.369(8) 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.384(7) 
C(26)-H(26)  0.9500 
C(27)-H(27)  0.9500 
C(28)-C(33)  1.400(7) 
C(28)-C(29)  1.404(7) 
C(29)-C(30)  1.379(8) 
C(29)-H(29)  0.9500 
C(30)-C(31)  1.371(7) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.391(8) 
C(31)-H(31)  0.9500 
C(32)-C(33)  1.378(7) 
C(32)-H(32)  0.9500 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.395(8) 
C(34)-C(39)  1.400(7) 
C(35)-C(36)  1.393(8) 
C(35)-H(35)  0.9500 
C(36)-C(37)  1.373(8) 
C(36)-H(36)  0.9500 
C(37)-C(38)  1.374(8) 
C(37)-H(37)  0.9500 
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C(38)-C(39)  1.387(8) 
C(38)-H(38)  0.9500 
C(39)-H(39)  0.9500 
C(40)-C(41)  1.375(9) 
C(40)-C(42) 1.375(9) 
C(40)-H(40)  0.9500 
C(41)-C(42)  1.378(8) 
C(41)-H(41)  0.9500 
C(42)-C(40) 1.375(9) 












































































































































































Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 
103). 
 x y z U(eq) 
W(1) -1193(1) 8470(1) 8203(1) 16(1) 
P(1) 429(1) 9067(1) 7410(1) 17(1) 
P(2) 690(1) 7971(1) 9137(1) 17(1) 
Si(1) 2834(2) 9741(1) 8545(1) 21(1) 
Si(2) 3076(2) 8875(1) 9901(1) 21(1) 
C(1) -1311(5) 9095(2) 8967(3) 20(1) 
O(2) -1346(4) 9451(2) 9411(2) 26(1) 
C(3) -2791(6) 8005(2) 8596(3) 22(1) 
O(4) -3829(4) 7748(2) 8755(2) 33(1) 
C(5) -807(5) 7845(2) 7458(3) 21(1) 
O(6) -592(4) 7488(2) 7050(2) 30(1) 
C(7) -2922(6) 8758(2) 7541(3) 21(1) 
O(8) -4019(4) 8898(2) 7175(2) 28(1) 
C(9) 2380(5) 9251(2) 7717(3) 21(1) 
N(10) 2420(4) 9447(2) 9392(3) 21(1) 
C(11) 2628(5) 8215(2) 9345(3) 18(1) 
C(12) 1812(6) 10414(2) 8454(3) 30(2) 
C(13) 4910(6) 9859(3) 8516(4) 32(2) 
C(14) 5185(5) 8861(3) 10020(4) 32(2) 
C(15) 2310(6) 8893(3) 10839(3) 33(2) 
C(16) 547(6) 8742(2) 6474(3) 20(1) 
C(17) -760(6) 8724(2) 5964(3) 24(1) 
C(18) -759(6) 8472(3) 5265(3) 26(1) 
C(19) 546(7) 8221(3) 5054(3) 33(2) 
C(20) 1848(7) 8238(3) 5550(3) 32(2) 
C(21) 1853(6) 8493(2) 6253(3) 26(1) 
C(22) -320(5) 9750(2) 7100(3) 17(1) 
C(23) 324(6) 10020(2) 6505(3) 24(1) 
C(24) -136(6) 10545(3) 6268(3) 26(1) 
C(25) -1261(6) 10809(2) 6631(3) 23(1) 
C(26) -1938(6) 10544(2) 7202(3) 24(1) 
C(27) -1474(5) 10018(2) 7439(3) 19(1) 
C(28) 131(5) 7856(2) 10102(3) 17(1) 
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C(29) -1127(5) 8115(2) 10379(3) 22(1) 
C(30) -1457(6) 8043(2) 11126(3) 25(1) 
C(31) -587(6) 7706(2) 11615(3) 23(1) 
C(32) 653(6) 7438(2) 11353(3) 25(1) 
C(33) 996(5) 7510(2) 10609(3) 21(1) 
C(34) 990(5) 7253(2) 8832(3) 16(1) 
C(35) -30(6) 6836(3) 8985(3) 27(1) 
C(36) 193(6) 6292(3) 8747(3) 28(1) 
C(37) 1401(6) 6163(2) 8343(3) 26(1) 
C(38) 2405(6) 6571(2) 8177(3) 25(1) 
C(39) 2206(5) 7114(2) 8413(3) 20(1) 
C(40) 6210(7) 9871(3) 5513(4) 42(2) 
C(41) 4834(8) 9623(3) 5573(4) 47(2) 



















Bond lengths (Å) and angles (°) for meridional W(P
H
NP)(CO)3 (Chapter 2, 3). 
W(1)-C(1)  1.947(7) 
W(1)-C(3)  2.009(6) 
W(1)-C(2)  2.043(6) 
W(1)-N(1)  2.443(5) 
W(1)-P(1)  2.4606(16) 
W(1)-P(2)  2.4731(17) 
P(1)-C(21)  1.841(7) 
P(1)-C(22)  1.854(7) 
P(1)-C(28)  1.858(7) 
P(2)-C(16)  1.835(7) 
P(2)-C(4)  1.840(7) 
P(2)-C(10)  1.847(8) 
Si(1)-N(1)  1.795(5) 
Si(1)-C(19)  1.862(8) 
Si(1)-C(20)  1.875(7) 
Si(1)-C(21)  1.881(7) 
Si(2)-N(1)  1.789(6) 
Si(2)-C(18)  1.856(8) 
Si(2)-C(17)  1.865(8) 
Si(2)-C(16)  1.871(7) 
C(1)-O(1)  1.167(9) 
C(2)-O(2)  1.147(9) 
C(3)-O(3)  1.146(8) 
C(4)-C(5)  1.394(10) 
C(4)-C(9)  1.409(10) 
C(5)-C(6)  1.402(10) 
C(5)-H(5)  0.9300 
C(6)-C(7)  1.390(11) 
C(6)-H(6)  0.9300 
C(7)-C(8)  1.386(11) 
C(7)-H(7)  0.9300 
C(8)-C(9)  1.393(10) 
C(8)-H(8)  0.9300 
C(9)-H(9)  0.9300 
C(10)-C(15)  1.393(11) 
C(10)-C(11)  1.408(12) 
C(11)-C(12)  1.380(13) 
C(11)-H(11)  0.9300 
C(12)-C(13)  1.406(13) 
C(12)-H(12)  0.9300 
C(13)-C(14)  1.388(14) 
C(13)-H(13)  0.9300 
C(14)-C(15)  1.385(13) 
C(14)-H(14)  0.9300 
C(15)-H(15)  0.9300 
C(16)-H(16A)  0.9700 
C(16)-H(16B)  0.9700 
C(17)-H(17A)  0.9600 
C(17)-H(17B)  0.9600 
C(17)-H(17C)  0.9600 
C(18)-H(18A)  0.9600 
C(18)-H(18B)  0.9600 
C(18)-H(18C)  0.9600 
C(19)-H(19A)  0.9600 
C(19)-H(19B)  0.9600 
C(19)-H(19C)  0.9600 
C(20)-H(20A)  0.9600 
C(20)-H(20B)  0.9600 
C(20)-H(20C)  0.9600 
C(21)-H(21A)  0.9700 
C(21)-H(21B)  0.9700 
C(22)-C(27)  1.391(10) 
C(22)-C(23)  1.391(10) 
C(23)-C(24)  1.398(11) 
C(23)-H(23)  0.9300 
C(24)-C(25)  1.372(12) 
C(24)-H(24)  0.9300 
C(25)-C(26)  1.378(12) 
C(25)-H(25)  0.9300 
C(26)-C(27)  1.399(11) 
C(26)-H(26)  0.9300 
C(27)-H(27)  0.9300 
C(28)-C(33)  1.385(11) 
C(28)-C(29)  1.395(10) 
C(29)-C(30)  1.396(11) 
C(29)-H(29)  0.9300 
C(30)-C(31)  1.351(12) 
C(30)-H(30)  0.9300 
C(31)-C(32)  1.398(11) 
C(31)-H(31)  0.9300 
C(32)-C(33)  1.405(11) 
C(32)-H(32)  0.9300 










































































































































































Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 
103) 
 x y z U(eq) 
W(1) 9512(1) 8285(1) 5122(1) 20(1) 
P(1) 7822(1) 8806(1) 5426(1) 21(1) 
P(2) 11378(1) 7941(1) 5140(1) 23(1) 
Si(1) 9087(2) 9030(1) 7370(1) 24(1) 
Si(2) 11276(1) 8311(1) 7222(1) 23(1) 
N(1) 10128(4) 8782(3) 6697(4) 22(1) 
C(1) 9025(5) 7900(4) 3859(5) 25(2) 
O(1) 8741(4) 7680(3) 3095(3) 31(1) 
C(2) 9124(5) 7275(4) 5543(5) 21(1) 
O(2) 8877(5) 6692(3) 5671(4) 38(1) 
C(3) 9713(5) 9199(4) 4401(5) 23(1) 
O(3) 9732(4) 9669(3) 3876(4) 36(1) 
C(4) 12159(5) 8266(4) 4220(5) 25(1) 
C(5) 11686(5) 8447(4) 3306(5) 26(2) 
C(6) 12286(6) 8704(4) 2614(5) 28(2) 
C(7) 13366(6) 8789(4) 2835(5) 32(2) 
C(8) 13848(6) 8607(4) 3738(5) 30(2) 
C(9) 13258(6) 8342(4) 4425(5) 29(2) 
C(10) 11682(5) 6967(4) 5130(5) 26(2) 
C(11) 11081(7) 6538(5) 4440(6) 38(2) 
C(12) 11284(7) 5811(5) 4365(6) 45(2) 
C(13) 12091(7) 5483(5) 4987(7) 43(2) 
C(14) 12669(7) 5908(5) 5673(7) 42(2) 
C(15) 12467(6) 6638(5) 5756(6) 37(2) 
C(16) 12119(5) 8304(4) 6234(5) 28(2) 
C(17) 11976(6) 8826(4) 8247(5) 31(2) 
C(18) 10947(5) 7387(4) 7595(5) 27(2) 
C(19) 8581(6) 8237(5) 7982(5) 33(2) 
C(20) 9514(6) 9744(4) 8278(5) 31(2) 
C(21) 8067(5) 9431(4) 6443(5) 24(1) 
C(22) 7060(5) 9362(4) 4489(5) 24(1) 
C(23) 7120(6) 9228(4) 3528(5) 29(2) 
C(24) 6502(6) 9627(5) 2828(6) 35(2) 
C(25) 5843(6) 10159(5) 3076(6) 34(2) 
C(26) 5788(6) 10298(4) 4027(6) 35(2) 
C(27) 6390(5) 9900(4) 4741(5) 30(2) 
C(28) 6769(5) 8195(4) 5739(5) 24(1) 
C(29) 6187(5) 8330(4) 6489(5) 27(2) 
C(30) 5413(6) 7841(4) 6681(5) 31(2) 
C(31) 5220(6) 7235(5) 6154(6) 36(2) 
C(32) 5787(6) 7093(5) 5392(6) 36(2) 





Bond lengths (Å) and angles (°) for [W(PN)2(CO)2][I] (Chapter 2, 4). 
W(1)-C(1)   1.956(4) 
W(1)-C(3)   1.960(4) 
W(1)-N(20)   2.031(3) 
W(1)-N(22)   2.045(3) 
W(1)-P(2)   2.4658(10) 
W(1)-P(1)   2.4665(11) 
P(1)-C(17)   1.823(4) 
P(1)-C(5)   1.826(5) 
P(1)-C(11)   1.831(4) 
P(2)-C(25)   1.810(4) 
P(2)-C(32)   1.816(4) 
P(2)-C(26)   1.824(4) 
Si(1)-N(20)   1.636(3) 
Si(1)-C(19)   1.849(6) 
Si(1)-C(18)   1.877(6) 
Si(1)-C(17)   1.905(5) 
Si(2)-N(22)   1.638(3) 
Si(2)-C(23)   1.863(5) 
Si(2)-C(24)   1.865(5) 
Si(2)-C(25)   1.890(4) 
C(1)-O(2)   1.159(5) 
C(3)-O(4)   1.145(5) 
C(5)-C(6)   1.388(7) 
C(5)-C(10)   1.393(7) 
C(6)-C(7)   1.381(7) 
C(6)-H(6)   0.95 
C(7)-C(8)   1.380(8) 
C(7)-H(7)   0.95 
C(8)-C(9)   1.378(8) 
C(8)-H(8)   0.95 
C(9)-C(10)   1.395(7) 
C(9)-H(9)   0.95 
C(10)-H(10)   0.95 
C(11)-C(12)   1.382(7) 
C(11)-C(16)   1.402(7) 
C(12)-C(13)   1.380(7) 
C(12)-H(12)   0.95 
C(13)-C(14)   1.379(8) 
C(13)-H(13)   0.95 
C(14)-C(15)   1.386(8) 
C(14)-H(14)   0.95 
C(15)-C(16)   1.378(7) 
C(15)-H(15)   0.95 
C(16)-H(16)   0.95 
C(17)-H(17A)   0.99 
C(17)-H(17B)   0.99 
C(18)-H(18A)   0.98 
C(18)-H(18B)   0.98 
C(18)-H(18C)   0.98 
C(19)-H(19A)   0.98 
C(19)-H(19B)   0.98 
C(19)-H(19C)   0.98 
N(20)-O(89)   1.924(9) 
N(22)-O(89)   1.946(8) 
C(23)-H(23A)   0.98 
C(23)-H(23B)   0.98 
C(23)-H(23C)   0.98 
C(24)-H(24A)   0.98 
C(24)-H(24B)   0.98 
C(24)-H(24C)   0.98 
C(25)-H(25A)   0.99 
C(25)-H(25B)   0.99 
C(26)-C(27)   1.387(6) 
C(26)-C(31)   1.405(6) 
C(27)-C(28)   1.383(7) 
C(27)-H(27)   0.95 
C(28)-C(29)   1.386(7) 
C(28-H(28)   0.95 
C(29)-C(30)   1.393(7) 
C(29)-H(29)   0.95 
C(30)-C(31)   1.383(7) 
C(30)-H(30)   0.95 
C(31)-H(31)   0.95 
C(32)-C(33)   1.387(6) 
C(32)-C(37)   1.400(7) 
C(33)-C(34)   1.400(8) 
C(33)-H(33)   0.95 
C(34)-C(35)   1.355(9) 
C(34)-H(34)   0.95 
C(25)-C(36)   1.389(8) 
C(35)-H(35)   0.95 
C(36)-C(37)   1.375(7) 
C(36)-H(36)   0.95 
C(37)-H(37)   0.95 
O(38A)-C(39A)  1.430(8) 
O(38A)-C(42A)  1.440(7) 
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C(39A)-C(40A)  1.505(16) 
C(39A)-H(39A)  0.99 
C(39A)-H(39B)  0.99 
C(40A)-C(41A)  1.33(2) 
C(40A)-H(40A)  0.99 
C(40A)-H40B)  0.99 
C(41A)-C(42A)  1.503(14) 
C(41A)-H(41B)  0.99 
C(42A)-H(42A)  0.99 
C(42A)-H(42B)  0.99 
C(41B)-C(41B)  1.33(2) 
C(40B)-C(40C)  0.99 
C(40B)-H(40D)  0.99 
C(41B)-H(41C)  0.99 
C(41B)-H(41D)  0.99 
O(89)-H(89A)   0.99 
O(89)-H(89B)   0.99 
  
 
C(1)-W(1)-C(3)  103.30(18) 
C(1)-W(1)-N(20)  135.84(14) 
C(3)-W(1)-N(20)  103.35(15) 
C(1)-W(1)-N(22)  105.81(15) 
C(3)-W(1)-N(22)  136.45(15) 
N(20)-W(1)-N(22)  76.69(12) 
C(1)-W(1)-P(2)  72.26(12) 
C(3)-W(1)-P(2)  79.82(13) 
N(20)-W(1)-P(2)  147.25(9) 
N(22)-W(1)-P(2)  79.07(8) 
C(1)-W(1)-P(1)  75.15(12) 
C(3)-W(1)-P(1)  73.69(13) 
N(20)-W(1)-P(1)  79.41(9) 
N(22)-W(1)-P(1)  145.25(8) 
P(2)-W(1)-P(1)  131.36(4) 
C(17)-P(1)-C(5)  107.1(2) 
C(17)-P(1)-C(11)  104.5(2) 
C(5)-P(1)-C(11)  104.0(2) 
C(17)-P(1)-W(1)  106.94(16) 
C(5)-P(1)-W(1)  122.45(15) 
C(11)-P(1)-W(1)  110.54(14) 
C(25)-P(2)-C(32)  108.4(2) 
C(25)-P(2)-C(26)  103.2(2) 
C(32)-P(2)-C(26)  103.7(2) 
C(25)-P(2)-W(1)  105.51(14) 
C(32)-P(2)-W(1)  120.45(14) 
C(26)-P(2)-W(1)  114.21(14) 
N(20)-Si(1)-C(19)  110.1(2) 
N(20)-Si(1)-C(18)  110.3(2) 
C(19)-Si(1)-C(18)  110.7(3) 
N(20)-Si(1)-C(17)  104.37(18) 
C(19)-Si(1)-C(17)  109.9(3) 
C(18)-Si(1)-C(17)  111.3(3) 
N(22)-Si(2)-C(23)  110.6(2) 
N(22)-Si(2)-C(24)  110.0(2) 
C(23)-Si(2)-C(24)  111.3(2) 
N(22)-Si(2)-C(25)  104.38(18) 
C(23)-Si(2)-C(25)  111.3(2) 
C(24)-Si(2)-C(25)  109.0(2) 
O(2)-C(1)-W(1)  174.0(4) 
O(4)-C(3)-W(1)  174.1(4) 
C(6)-C(5)-C(10)  119.3(4) 
C(6)-C(5)-P(1)  121.6(4) 
C(10)-C(5)-P(1)  119.0(4) 
C(7)-C(6)-C(5)  120.2(5) 
C(7)-C(6)-H(6)  119.9 
C(5)-C(6)-H(6)  119.9 
C(8)-C(7)-C(6)  120.3(5) 
C(8)-C(7)-H(7)  119.9 
C(6)-C(7)-H(7)  119.9 
C(9)-C(8)-C(7)  120.5(5) 
C(9)-C(8)-H(8)  119.7 
C(7)-C(8)-H(8)  119.7 
C(8)-C(9)-C(10)  119.4(5) 
C(8)-C(9)-H(9)  120.3 
C(10)-C(9)-H(9)  120.3 
C(5)-C(10)-C(9)  120.2(5) 
C(5)-C(10)-H(10)  119.9 
C(9)-C(10)-H(10)  119.9 
C(12)-C(11)-C(16)  119.0(4) 
C(12)-C(11)-P(1)  123.7(4) 
C(16)-C(11)-P(1)  117.3(3) 
C(13)-C(12)-C(11)  120.7(5) 
C(13)-C(12)-H(12)  119.7 
C(11)-C(12)-H(12)  119.7 
C(14)-C(13)-C(12)  120.4(5) 
C(14)-C(13)-H(13)  119.8 
C(12)-C(13)-H(13)  119.8 
C(13)-C(14)-C(15)  119.5(5) 
C(13)-C(14)-H(14)  120.3 
C(15)-C(14)-H(14)  120.3 
C(16)-C(15)-C(14)  120.5(5) 
C(16)-C(15)-H(15)  119.7 
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C(14)-C(15)-H(15)  119.7 
C(15)-C(16)-C(11)  119.9(5) 
C(15)-C(16)-H(16)  120.1 
C(11)-C(16)-H(16)  120.1 
P(1)-C(17)-Si(1)  108.2(2) 
P(1)-C(17)-H(17A)  110.0 
Si(1)-C(17)-H(17A)  110.0 
P(1)-C(17)-H(17B)  110.0 
Si(1)-C(17)-H(17B)  110.0 
H(17A)-C(17)-H(17B ) 108.4 
Si(1)-C(18)-H(18A)  109.5 
Si(1)-C(18)-H(18B)  109.5 
H(18A)-C(18)-H(18B) 109.5 
Si(1)-C(18)-H(18C)  109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
Si(1)-C(19)-H(19A)  109.5 
Si(1)-C(19)-H(19B)  109.5 
H(19A)-C(19)-H(19B) 109.5 
Si(1)-C(19)-H(19C)  109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
Si(1)-N(20)-O(89)  129.9(3) 
Si(1)-N(20)-W(1)  128.98(18) 
O(89)-N(20)-W(1)  101.1(3) 
Si(2)-N(22)-O(89)  129.9(3) 
Si(2)-N(22)-W(1)  129.68(17) 
O(89)-N(22)-W(1)  99.8(3) 
Si(2)-C(23)-H(23A)  109.5 
Si(2)-C(23)-H(23B)  109.5 
H(23A)-C(23)-H(23B) 109.5 
Si(2)-C(23)-H(23C)  109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
Si(2)-C(24)-H(24A)  109.5 
Si(2)-C(24)-H(24B)  109.5 
H(24A)-C(24)-H(24B) 109.5 
Si(2)-C(24)-H(24C)  109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
P(2)-C(25)-Si(2)  106.1(2) 
P(2)-C(25)-H(25A)  110.5 
Si(2)-C(25)-H(25A)  110.5 
P(2)-C(25)-H(25B)  110.5 
Si(2)-C(25)-H(25B)  110.5 
H(25A)-C(25)-H(25B) 108.7 
C(27)-C(26)-C(31)  118.3(4) 
C(27)-C(26)-P(2)  123.0(3) 
C(31)-C(26)-P(2)  118.7(3) 
C(28)-C(27)-C(26)  121.5(4) 
C(28)-C(27)-H(27)  119.3 
C(26)-C(27)-H(27)  119.3 
C(27)-C(28)-C(29)  119.6(5) 
C(27)-C(28)-H(28)  120.2 
C(29)-C(28)-H(28)  120.2 
C(28)-C(29)-C(30)  120.1(4) 
C(28)-C(29)-H(29)  119.9 
C(30)-C(29)-H(29)  119.9 
C(31)-C(30)-C(29)  119.7(4) 
C(31)-C(30)-H(30)  120.2 
C(29)-C(30)-H(30)  120.2 
C(30)-C(31)-C(26)  120.8(4) 
C(30)-C(31)-H(31)  119.6 
C(26)-C(31)-H(31)  119.6 
C(33)-C(32)-C(37)  118.8(4) 
C(33)-C(32)-P(2)  121.6(4) 
C(37)-C(32)-P(2)  119.5(3) 
C(32)-C(33)-C(34)  119.6(5) 
C(32)-C(33)-H(33)  120.2 
C(34)-C(33)-H(33)  120.2 
C(35)-C(34)-C(33)  120.8(5) 
C(35)-C(34)-H(34)  119.6 
C(33)-C(34)-H(34)  119.6 
C(34)-C(35)-C(36)  120.5(5) 
C(34)-C(35)-H(35)  119.7 
C(36)-C(35)-H(35)  119.7 
C(37)-C(36)-C(35)  119.4(5) 
C(37)-C(36)-H(36)  120.3 
C(35)-C(36)-H(36)  120.3 
C(36)-C(37)-C(32)  121.0(5) 
C(36)-C(37)-H(37)  119.5 


































N(20)-O(89)-N(22)  81.6(3) 
N(20)-O(89)-H(89A)  115.0 
N(22)-O(89)-H(89A)  115.0 
N(20)-O(89)-H(89B)  115.0 
N(22)-O(89)-H(89B)  115.0 
H(89A)-O(89)-H(89B) 112.1 
   
  
 




x/a y/b z/c U(eq) 
I1 0.98153(3) 0.09635(2) 0.269077(13) 0.04254(10) 
W1 0.917538(14) 0.828964(12) 0.113779(8) 0.02491(8) 
P1 0.09568(8) 0.75616(6) 0.14302(5) 0.0271(2) 
P2 0.78772(8) 0.83510(6) 0.01651(5) 0.0259(2) 
Si1 0.00710(10) 0.76351(9) 0.25524(6) 0.0366(2) 
Si2 0.74967(9) 0.00852(8) 0.07880(5) 0.0303(2) 
C1 0.9938(2) 0.8706(2) 0.05301(18) 0.0282(8) 
O2 0.0435(2) 0.9009(2) 0.02072(13) 0.0355(7) 
C3 0.8964(2) 0.6954(2) 0.0971(2) 0.0298(9) 
O4 0.8783(2) 0.6174(2) 0.09078(14) 0.0403(8) 
C5 0.1443(4) 0.6716(2) 0.0954(2) 0.0327(9) 
C6 0.0947(4) 0.6602(2) 0.0353(2) 0.0389(10) 
C7 0.1353(4) 0.5977(4) 0.0000(2) 0.0450(11) 
C8 0.2268(5) 0.5478(2) 0.0238(2) 0.0469(11) 
C9 0.2779(5) 0.5587(4) 0.0832(2) 0.0475(11) 
C10 0.2359(4) 0.6203(2) 0.1194(2) 0.0404(11) 
C11 0.2002(2) 0.8455(2) 0.1577(2) 0.0302(9) 
C12 0.2896(4) 0.8441(4) 0.1331(2) 0.0417(11) 
C13 0.3651(4) 0.9141(4) 0.1458(2) 0.0538(14) 
C14 0.3527(4) 0.9862(4) 0.1836(2) 0.0517(13) 
C15 0.2625(5) 0.9893(4) 0.2077(2) 0.0514(13) 




x/a y/b z/c U(eq) 
C17 0.1031(4) 0.7006(2) 0.2157(2) 0.0341(9) 
C18 0.0813(5) 0.8291(4) 0.3229(2) 0.0566(15) 
C19 0.9132(5) 0.6790(4) 0.2767(2) 0.0639(18) 
N20 0.9424(2) 0.8361(2) 0.20472(12) 0.0180(5) 
N22 0.8246(2) 0.9392(2) 0.12765(12) 0.0180(5) 
C23 0.8030(4) 0.1298(2) 0.0867(2) 0.0409(11) 
C24 0.6088(4) 0.0044(2) 0.0880(2) 0.0393(10) 
C25 0.7560(2) 0.9573(2) 0.0033(2) 0.0300(9) 
C26 0.6585(2) 0.7828(2) 0.01750(18) 0.0294(9) 
C27 0.6352(4) 0.7426(2) 0.0684(2) 0.0370(10) 
C28 0.5344(4) 0.7082(4) 0.0685(2) 0.0455(11) 
C29 0.4546(4) 0.7135(4) 0.0166(2) 0.0469(11) 
C30 0.4759(4) 0.7532(4) 0.9647(2) 0.0436(11) 
C31 0.5771(2) 0.7870(2) 0.9651(2) 0.0336(9) 
C32 0.8212(2) 0.7867(2) 0.9494(2) 0.0310(9) 
C33 0.8490(4) 0.8433(4) 0.9059(2) 0.0417(11) 
C34 0.8804(5) 0.8026(5) 0.8567(2) 0.0536(14) 
C35 0.8832(4) 0.7087(5) 0.8509(2) 0.0509(13) 
C36 0.8572(4) 0.6508(4) 0.8944(2) 0.0473(11) 
C37 0.8259(4) 0.6898(4) 0.9429(2) 0.0381(10) 
O38A 0.7598(2) 0.9189(4) 0.25917(18) 0.0663(13) 
C39A 0.7532(7) 0.9509(5) 0.3176(2) 0.081(2) 
C40A 0.668(2) 0.8884(16) 0.3327(10) 0.172(14) 
C41A 0.6105(14) 0.8496(15) 0.2834(9) 0.091(6) 
C42A 0.6748(5) 0.8544(5) 0.2358(2) 0.0601(15) 
O38B 0.7598(2) 0.9189(4) 0.25917(18) 0.0663(13) 
C39B 0.7532(7) 0.9509(5) 0.3176(2) 0.081(2) 
C40B 0.6378(17) 0.9288(15) 0.3175(10) 0.172(14) 
C41B 0.5924(13) 0.8757(15) 0.2714(10) 0.091(6) 
C42B 0.6748(5) 0.8544(5) 0.2358(2) 0.0601(15) 






Bond lengths (Å) and angles (°) for [W(P
H
NP)(CO)3H][BF4] (Chapter 3, 7). 
W(1)-C(1)   1.965(13) 
W(1)-C(5)   2.025(9) 
W(1)-C(7)   2.044(9) 
W(1)-N(24)   2.386(8) 
W(1)-P(2)   2.505(2) 
W(1)-P(1)   2.529(2) 
C(1)-O(2)   1.137(16) 
C(3)-O(4)   1.137(16) 
P(1)-C(21)   1.815(10) 
P(1)-C(15)   1.820(9) 
P(1)-C(9)   1.832(10) 
P(2)-C(27)   1.809(11) 
P(2)-C(34)   1.828(11) 
P(2)-C(28)   1.836(12) 
Si(1)-N(24)   1.761(9) 
Si(1)-C(23)   1.854(10) 
Si(1)-C(22)   1.856(10) 
Si(1)-C(21)   1.872(10) 
Si(2)-N(24)   1.819(8) 
Si(2)-C(25)   1.847(11) 
Si(2)-C(27)   1.873(11) 
Si(2)-C(26)   1.880(10) 
C(5)-O(6)   1.155(11) 
C(7)-O(8)   1.135(11) 
C(9)-C(10)   1.370(14) 
C(9)-C(14)   1.421(13) 
C(10)-C(11)   1.389(14) 
C(10)-H(10)   0.95 
C(11)-C(12)   1.377(14) 
C(11)-H(11)   0.95 
C(12)-C(13)   1.364(15) 
C(12)-H(12)   0.95 
C(13)-C(14)   1.394(14) 
C(13)-H(13)   0.95 
C(14)-H(14)   0.95 
C(15)-C(20)   1.398(14) 
C(15)-C(16)   1.408(13) 
C(16)-C(17)   1.390(13) 
C(16)-H(16)   0.95 
C(17)-C(18)   1.365(14) 
C(17)-H(17)   0.95 
C(18)-C(19)   1.412(15) 
C(18)-H(18)   0.95 
C(19)-C(20)   1.408(14) 
C(19)-H(19)   0.95 
C(20)-H(20)   0.95 
C(21)-H(21A)   0.99 
C(21)-H(21B)   0.99 
C(22)-H(22A)   0.98 
C(22)-H(22B)   0.98 
C(22)-H(22C)   0.98 
C(23)-H(23A)   0.98 
C(23)-H(23B)   0.98 
C(23)-H(23C)   0.98 
N(24)-H(24)   0.93 
C(25)-H(25A)   0.98 
C(25)-H(25B)   0.98 
C(25)-H(25C)   0.98 
C(26)-H(26A)   0.98 
C(26)-H(26B)   0.98 
C(26)-H(26C)   0.98 
C(27)-H(27A)   0.99 
C(27)-H(27B)   0.99 
C(28)-C(33)   1.309(17) 
C(28)-C(29)   1.404(17) 
C(29)-C(30)   1.389(17) 
C(29)-H(29)   0.95 
C(30)-C(31)   1.37(2) 
C(30)-H(30)   0.95 
C(31)-C(32)   1.371(18) 
C(31)-H(31)   0.95 
C(32)-C(33)   1.392(15) 
C(32)-H(32)   0.95 
C(33)-H(33)   0.95 
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C(34)-C(39)   1.377(16) 
C(34)-C(35)   1.381(14) 
C(35)-C(36)   1.381(15) 
C(35)-H(35)   0.95 
C(36)-C(37)   1.412(18) 
C(36)-H(36)   0.95 
C(37)-C(38)   1.352(17) 
C(37)-H(37)   0.95 
C(38)-C(39)   1.399(16) 
C(38)-H(38)   0.95 
C(39)-H(39)   0.95 
B(1)-F(3)   1.358(13) 
B(1)-F(4)   1.377(13) 
B(1)-F(2)   1.387(13) 
B(1)-F(1)   1.416(13) 
C(40)-C(l2)   1.709(16) 
C(40)-C(l4)   1.735(16) 
C(40)-H(40A)   0.99 
C(40)-H(40B)   0.99 
 
C(1)-W(1)-C(5)  88.5(7) 
C(1)-W(1)-C(7)  88.3(7) 
C(5)-W(1)-C(7)  176.8(4) 
C(1)-W(1)-N(24)  171.0(6) 
C(5)-W(1)-N(24)  91.7(3) 
C(7)-W(1)-N(24)  91.4(3) 
C(1)-W(1)-P(2)  87.3(6) 
C(5)-W(1)-P(2)  88.9(3) 
C(7)-W(1)-P(2)  90.9(3) 
N(24)-W(1)-P(2)  83.7(2) 
C(1)-W(1)-P(1)  107.5(6) 
C(5)-W(1)-P(1)  96.0(3) 
C(7)-W(1)-P(1)  85.1(3) 
N(24)-W(1)-P(1)  81.4(2) 
P(2)-W(1)-P(1)  164.42(9) 
O(2)-C(1)-W(1)  175.4(17) 
C(21)-P(1)-C(15)  106.5(5) 
C(21)-P(1)-C(9)  107.1(4) 
C(15)-P(1)-C(9)  101.6(4) 
C(21)-P(1)-W(1)  106.7(3) 
C(15)-P(1)-W(1)  119.0(3) 
C(9)-P(1)-W(1)  115.2(3) 
C(27)-P(2)-C(34)  104.9(5) 
C(27)-P(2)-C(28)  106.0(5) 
C(34)-P(2)-C(28)  101.8(5) 
C(27)-P(2)-W(1)  109.0(3) 
C(34)-P(2)-W(1)  119.8(4) 
C(28)-P(2)-W(1)  114.2(3) 
N(24)-Si(1)-C(23)  112.7(5) 
N(24)-Si(1)-C(22)  112.1(4) 
C(23)-Si(1)-C(22)  109.7(5) 
N(24)-Si(1)-C(21)  100.7(4) 
C(23)-Si(1)-C(21)  111.3(5) 
C(22)-Si(1)-C(21)  110.1(5) 
N(24)-Si(2)-C(25)  110.6(4) 
N(24)-Si(2)-C(27)  104.1(4) 
C(25)-Si(2)-C(27)  107.3(5) 
N(24)-Si(2)-C(26)  108.8(4) 
C(25)-Si(2)-C(26)  111.8(5) 
C(27)-Si(2)-C(26)  114.0(5) 
O(6)-C(5)-W(1)  175.4(8) 
O(8)-C(7)-W(1)  173.6(9) 
C(10)-C(9)-C(14)  118.6(9) 
C(10)-C(9)-P(1)  121.2(7) 
C(14)-C(9)-P(1)  120.2(7) 
C(9)-C(10)-C(11)  121.7(10) 
C(9)-C(10)-H(10)  119.2 
C(11)-C(10)-H(10)  119.2 
C(12)-C(11)-C(10)  119.3(10) 
C(12)-C(11)-H(11)  120.4 
C(10)-C(11)-H(11)  120.4 
C(13)-C(12)-C(11)  120.6(10) 
C(13)-C(12)-H(12)  119.7 
C(11)-C(12)-H(12)  119.7 
C(12)-C(13)-C(14)  120.9(10) 
C(12)-C(13)-H(13)  119.6 
C(14)-C(13)-H(13)  119.6 
C(13)-C(14)-C(9)  118.9(9) 
C(13)-C(14)-H(14)  120.5 
C(9)-C(14)-H(14)  120.5 
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C(20)-C(15)-C(16)  119.5(9) 
C(20)-C(15)-P(1)  119.4(8) 
C(16)-C(15)-P(1)  120.7(7) 
C(17)-C(16)-C(15)  119.7(9) 
C(17)-C(16)-H(16)  120.1 
C(15)-C(16)-H(16)  120.1 
C(18)-C(17)-C(16)  120.9(10) 
C(18)-C(17)-H(17)  119.5 
C(16)-C(17)-H(17)  119.5 
C(17)-C(18)-C(19)  120.8(9) 
C(17)-C(18)-H(18)  119.6 
C(19)-C(18)-H(18)  119.6 
C(20)-C(19)-C(18)  118.7(10) 
C(20)-C(19)-H(19)  120.7 
C(18)-C(19)-H(19)  120.7 
C(15)-C(20)-C(19)  120.2(10) 
C(15)-C(20)-H(20)  119.9 
C(19)-C(20)-H(20)  119.9 
P(1)-C(21)-Si(1)  107.7(5) 
P(1)-C(21)-H(21A)  110.2 
Si(1)-C(21)-H(21A)  110.2 
P(1)-C(21)-H(21B)  110.2 
Si(1)-C(21)-H(21B)  110.2 
H(21A)-C(21)-H(21B) 108.5 
Si(1)-C(22)-H(22)  109.5 
Si(1)-C(22)-H(22B)  109.5 
H(22A)-C(22)-H(22B) 109.5 
Si(1)-C(22)-H(22C)  109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
Si(1)-C(23)-H(23A)  109.5 
Si(1)-C(23)-H(23B)  109.5 
H(23A)-C(23)-H(23B) 109.5 
Si(1)-C(23)-H(23C)  109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
Si(1)-N(24)-Si(2)  119.1(4) 
Si(1)-N(24)-W(1)  114.3(4) 
Si(2)-N(24)-W(1)  114.2(4) 
Si(1)-N(24)-H(24)  101.9 
Si(2)-N(24)-H(24)  101.9 
W(1)-N(24)-H(24)  101.9 
Si(2)-C(25)-H(25A)  109.5 
Si(2)-C(25)-H(25B)  109.5 
H(25A)-C(25)-H(25B) 109.5 
Si(2)-C(25)-H(25C)  109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
Si(2)-C(26)-H(26A)  109.5 
Si(2)-C(26)-H(26B)  109.5 
H(26A)-C(26)-H(26B) 109.5 
Si(2)-C(26)-H(26C)  109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
P(2)-C(27)-Si(2)  112.3(5) 
P(2)-C(27)-H(27A)  109.1 
Si(2)-C(27)-H(27A)  109.1 
P(2)-C(27)-H(27B)  109.1 
Si(2)-C(27)-H(27B)  109.1 
H(27A)-C(27)-H(27B) 107.9 
C(33)-C(28)-C(29)  119.0(12) 
C(33)-C(28)-P(2)  118.2(9) 
C(29)-C(28)-P(2)  122.8(10) 
C(30)-C(29)-C(28)  119.9(14) 
C(30)-C(29)-H(29)  120.0 
C(28)-C(29)-H(29)  120.0 
C(31)-C(30)-C(29)  119.3(14) 
C(31)-C(30)-H(30)  120.4 
C(29)-C(30)-H(30)  120.4 
C(30)-C(31)-C(32)  120.3(13) 
C(30)-C(31)-H(31)  119.8 
C(32)-C(31)-H(31)  119.8 
C(31)-C(32)-C(33)  118.7(13) 
C(31)-C(32)-H(32)  120.7 
C(33)-C(32)-H(32)  120.7 
C(28)-C(33)-C(32)  122.6(12) 
C(28)-C(33)-H(33)  118.7 
C(32)-C(33)-H(33)  118.7 
C(39)-C(34)-C(35)  118.7(10) 
C(39)-C(34)-P(2)  122.3(8) 
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C(35)-C(34)-P(2)  118.8(9) 
C(36)-C(35)-C(34)  121.4(11) 
C(36)-C(35)-H(35)  119.3 
C(34)-C(35)-H(3)  119.3 
C(35)-C(36)-C(37)  119.0(11) 
C(35)-C(36)-H(36)  120.5 
C(37)-C(36)-H(36)  120.5 
C(38)-C(37)-C(36)  119.8(12) 
C(38)-C(37)-H(37)  120.1 
C(36)-C(37)-H(37)  120.1 
C(37)-C(38)-C(39)  120.4(12) 
C(37)-C(38)-H(38)  119.8 
C(39)-C(38)-H(38)  119.8 
C(34)-C(39)-C(38)  120.6(11) 
C(34)-C(39)-H(39)  119.7 
C(38)-C(39)-H(39)  119.7 
F(3)-B(1)-F(4)  110.6(10) 
F(3)-B(1)-F(2)  110.6(9) 
F(4)-B(1)-F(2)  110.7(9) 
F(3)-B(1)-F(1)  108.9(9) 
F(4)-B(1)-F(1)  108.2(9) 
F(2)-B(1)-F(1)  107.7(9) 
C(l2)-C(40)-C(l4)  111.5(9) 
C(l2)-C(40)-H(40A)  109.3 
C(l4)-C(40)-H(40A)  109.3 
C(l2)-C(40)-H(40B)  109.3 









x/a y/b z/c U(eq) 
W1 0.74193(3) 0.60404(2) 0.74242(3) 0.02794(16) 
C1 0.7130(14) 0.6058(11) 0.8670(8) 0.035(3) 
O2 0.6899(11) 0.6054(9) 0.9378(7) 0.050(3) 
W1A 0.74193(3) 0.60404(2) 0.74242(3) 0.02794(16) 
C3 0.7836(14) 0.6087(11) 0.8649(9) 0.035(3) 
O4 0.8012(11) 0.6120(9) 0.9371(7) 0.050(3) 
P1 0.93115(18) 0.58845(12) 0.72632(16) 0.0280(5) 
P2 0.5543(2) 0.60875(13) 0.71640(18) 0.0354(5) 
Si1 0.8681(2) 0.62346(13) 0.54559(17) 0.0310(5) 
Si2 0.6349(2) 0.63457(14) 0.5342(2) 0.0362(7) 
C5 0.7442(7) 0.7106(5) 0.7440(5) 0.029(2) 
O6 0.7459(5) 0.7712(4) 0.7509(5) 0.046(2) 
C7 0.7378(8) 0.4966(5) 0.7480(7) 0.033(2) 
O8 0.7372(5) 0.4375(4) 0.7591(5) 0.044(2) 
C9 0.9875(7) 0.5181(5) 0.7922(5) 0.030(2) 
C10 0.0378(7) 0.5326(5) 0.8682(7) 0.038(2) 
C11 0.0810(8) 0.4797(5) 0.9185(7) 0.039(2) 
C12 0.0770(8) 0.4112(5) 0.8897(8) 0.043(3) 
C13 0.0291(8) 0.3949(5) 0.8134(7) 0.040(2) 




x/a y/b z/c U(eq) 
C15 0.0147(7) 0.6620(5) 0.7517(7) 0.031(2) 
C16 0.9904(7) 0.7100(5) 0.8179(5) 0.033(2) 
C17 0.0586(7) 0.7629(5) 0.8403(7) 0.037(2) 
C18 0.1499(8) 0.7683(5) 0.8002(7) 0.039(3) 
C19 0.1772(8) 0.7205(5) 0.7344(7) 0.042(3) 
C20 0.1091(8) 0.6662(5) 0.7120(7) 0.041(3) 
C21 0.9527(7) 0.5663(5) 0.6136(5) 0.033(2) 
C22 0.8787(8) 0.5988(5) 0.4297(5) 0.037(2) 
C23 0.8999(8) 0.7179(5) 0.5597(7) 0.041(3) 
N24 0.7488(5) 0.6017(4) 0.5881(5) 0.0323(18) 
C25 0.6210(8) 0.5957(5) 0.4250(7) 0.049(3) 
C26 0.6412(8) 0.7334(5) 0.5298(7) 0.043(3) 
C27 0.5289(8) 0.5997(5) 0.6015(7) 0.043(3) 
C28 0.4951(8) 0.6920(5) 0.7491(8) 0.045(3) 
C29 0.4632(9) 0.7432(7) 0.6892(10) 0.061(4) 
C30 0.4214(10) 0.8059(7) 0.7183(11) 0.065(4) 
C31 0.4129(9) 0.8171(7) 0.8054(11) 0.063(4) 
C32 0.4401(9) 0.7655(7) 0.8633(9) 0.057(3) 
C33 0.4847(9) 0.7043(5) 0.8320(9) 0.053(3) 
C34 0.4721(7) 0.5439(5) 0.7678(7) 0.038(3) 
C35 0.3713(8) 0.5410(5) 0.7431(7) 0.040(3) 
C36 0.3052(9) 0.4940(7) 0.7808(8) 0.055(3) 
C37 0.3414(9) 0.4495(5) 0.8475(9) 0.056(3) 
C38 0.4392(9) 0.4539(7) 0.8740(9) 0.064(4) 
C39 0.5054(8) 0.5014(5) 0.8346(9) 0.050(3) 
B1 0.7581(9) 0.0923(5) 0.0098(8) 0.035(3) 
F1 0.6943(5) 0.0469(2) 0.0574(4) 0.0523(17) 
F2 0.8491(5) 0.0983(4) 0.0551(5) 0.066(2) 
F3 0.7733(5) 0.0640(2) 0.9302(4) 0.0531(17) 
F4 0.7110(5) 0.1568(2) 0.0027(5) 0.062(2) 
C40 0.2492(11) 0.6657(9) 0.9721(11) 0.093(5) 
Cl2 0.3456(4) 0.6094(4) 0.9990(4) 0.145(3) 







Bond lengths (Å) and angles (°) for Ir(NCN)(Et)(Cl)(OH2) (Chapter 4, 3). 
Ir(1)-Cl(1)   2.4831(8) 
Ir(1)-O(1)   2.259(2) 
Ir(1)-N(1)   2.051(3) 
Ir(1)-N(1)   2.056(3) 
Ir(1)-N(2)   2.095(3) 
Ir(1)-C(2)   2.095(3) 
Ir(1)-C(10)   1.901(3) 
N(1)-C(3)   1.434(4) 
N(1)-C(9)   1.313(5) 
N(2)-C(18)   1.307(5) 
N(2)-C(19)   1.436(5) 
C(1)-C(2)   1.510(5) 
C(3)-C(4)   1.389(5) 
C(3)-C(8)   1.395(5) 
C(4)-C(5)   1.382(5) 
C(5)-C(6)   1.392(5) 
C(6)-C(7)   1.387(5) 
C(7)-C(8)   1.389(5) 
C(9)-C(11)   1.442(5) 
C(10)-C(11)   1.403(5) 
C(10)-C(15)   1.412(5) 
C(11)-C(12)   1.411(5) 
C(12)-C(13)   1.404(5) 
C(12)-C(16)   1.500(5) 
C(13)-C(14)   1.400(5) 
C(14)-C(15)   1.403(5) 
C(14)-C(17)   1.504(5) 
C(15)-C(18)   1.444(5) 
C(19)-C(20)   1.389(5) 
C(19)-C(24)   1.394(5) 
C(20)-C(21)   1.387(6) 
C(21)-C(22)   1.384(6) 
C(22)-C(23)   1.390(6) 
C(23)-C(24)   1.389(5) 
 
O(1)-Ir(1)-Cl(1)  82.43(7) 
N(1)-Ir(1)-Cl(1)  93.95(8) 
N(1)-Ir(1)-O(1)  97.44(10) 
N(1)-Ir(1)-N(2)  159.35(12) 
N(1)-Ir(1)-C(2)  87.32(13) 
N(2)-Ir(1)-Cl(1)  87.99(8) 
N(2)-Ir(1)-O(1)  103.20(10) 
N(2)-Ir(1)-C(2)  94.01(12) 
C(2)-Ir(1)-Cl(1)  170.92(10) 
C(2)-Ir(1)-O(1)  88.50(11) 
C(10)-Ir(1)-Cl(1)  99.05(10) 
C(10)-Ir(1)-O(1)  176.88(12) 
C(10)-Ir(1)-N(1)  79.75(13) 
C(10)-Ir(1)-N(2)  79.64(13) 
C(10)-Ir(1)-C(2)  90.02(13) 
C(3)-N(1)-Ir(1)  127.5(2) 
C(9)-N(1)-Ir(1)  113.9(2) 
C(9)-N(1)-C(3)  118.6(3) 
C(18)-N(2)-Ir(1)  114.2(2) 
C(18)-N(2)-C(19)  118.7(3) 
C(19)-N(2)-Ir(1)  126.7(2) 
C(1)-C(2)-Ir(1)  118.5(2) 
C(4)-C(3)-N(1)  118.9(3) 
C(4)-C(3)-C(8)  120.5(3) 
C(8)-C(3)-N(1)  120.6(3) 
C(5)-C(4)-C(3)  119.3(3) 
C(4)-C(5)-C(6)  120.7(3) 
C(7)-C(6)-C(5)  119.7(3) 
C(6)-C(7)-C(8)  120.2(3) 
C(7)-C(8)-C(3)  119.5(3) 
N(1)-C(9)-Cl(1)  116.7(3) 
C(11)-C(10)-Ir(1)  118.7(3) 
C(11)-C(10)-C(15)  122.7(3) 
C(15)-C(10)-Ir(1)  118.6(3) 
C(10)-C(11)-C(9)  110.9(3) 
C(10)-C(11)-C(12)  119.1(3) 
C(12)-C(11)-C(9)  130.0(3) 
C(11)-C(12)-C(16)  122.2(3) 
C(13)-C(12)-C(11)  117.3(3) 
C(13)-C(12)-C(16)  120.5(3) 
C(14)-C(13)-C(12)  124.3(3) 
C(13)-C(14)-C(15)  118.0(3) 
C(13)-C(14)-C(17)  120.0(3) 
C(15)-C(14)-C(17)  121.8(3) 
C(10)-C(15)-C(18)  110.8(3) 
C(14)-C(15)-C(10)  118.6(3) 
C(14)-C(15)-C(18)  130.6(3) 
N(2)-C(18)-C(15)  116.7(3) 
C(20)-C(19)-N(2)  121.2(3) 
C(20)-C(19)-C(24)  120.4(3) 
C(24)-C(19)-N(2)  118.4(3) 
C(21)-C(20)-C(19)  119.6(4) 
C(21)-C(22)-C(23)  119.9(4) 
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C(24)-C(23)-C(22)  120.2(4) C(23)-C(24)-C(19)  119.5(3) 
 
 
Fractional Atomic Coordinates (×10
4







Atom x y z U(eq) 
Ir1 3340.06(10) 229.36(11) 6967.91(9) 14.85(7) 
Cl1 1620.2(6) 1202.0(7) 7241.7(6) 22.02(16) 
O1 2357.3(19) -1392(2) 7145.7(17) 21.8(5) 
N1 3108(2) 346(2) 5604.1(19) 16.7(6) 
N2 3866(2) 654(3) 8254.3(18) 16.8(5) 
C1 5662(3) -691(3) 7372(3) 25.4(7) 
C2 4659(3) -837(3) 6764(2) 19.5(7) 
C3 2477(3) -407(3) 5017(2) 18.1(7) 
C4 1422(3) -631(3) 5199(2) 20.7(7) 
C5 787(3) -1293(3) 4606(3) 22.4(7) 
C6 1203(3) -1767(3) 3848(2) 23.8(7) 
C7 2270(3) -1584(3) 3691(2) 23.5(7) 
C8 2913(3) -902(3) 4274(2) 21.2(7) 
C9 3639(3) 1198(3) 5254(2) 18.4(6) 
C10 4179(2) 1566(3) 6754(2) 17.0(6) 
C11 4260(3) 1936(3) 5869(2) 18.3(6) 
C12 4874(3) 2932(3) 5704(2) 20.9(7) 
C13 5363(3) 3509(3) 6449(3) 21.6(7) 
C14 5303(3) 3142(3) 7334(2) 21.3(7) 
C15 4695(3) 2147(3) 7492(2) 19.1(6) 
C16 5012(3) 3370(3) 4777(3) 28.5(8) 
C17 5865(3) 3817(3) 8086(3) 28.8(8) 
C18 4462(3) 1588(3) 8319(2) 19.6(7) 
C19 3555(3) 110(3) 9059(2) 18.2(7) 
C20 3201(3) 765(3) 9760(2) 23.5(7) 
C21 2916(3) 210(4) 10530(3) 27.3(8) 
C22 2962(3) -989(4) 10597(3) 27.1(8) 
C23 3292(3) -1645(3) 9887(3) 24.5(7) 








Bond lengths (Å) and angles (°) for Ir(NCN)(Et)(Cl)(PPh3) (Chapter 4, 4). 
Ir(1)-Cl(1)   2.5062(6) 
Ir(1)-P(1)   2.3800(6) 
Ir(1)-N(1)   2.0818(19) 
Ir(1)-N(2)   2.0869(19) 
Ir(1)-C(2)   2.136(2) 
Ir(1)-C(10)   1.922(3) 
P(1)-C(25)   1.834(2) 
P(1)-C(31)   1.828(2) 
P(1)-C(37)   1.831(3) 
N(1)-C(3)   1.431(3) 
N(1)-C(9)   1.311(3) 
N(2)-C(18)   1.316(3) 
N(2)-C(19)   1.433(3) 
C(1)-C(2)   1.526(3) 
C(3)-C(4)   1.386(4) 
C(3)-C(8)   1.400(3) 
C(4)-C(5)   1.383(4) 
C(5)-C(6)   1.398(4) 
C(6)-C(7)   1.382(4) 
C(7)-C(8)   1.389(4) 
C(9)-C(11)   1.439(4) 
C(10)-C(11)   1.410(3) 
C(10)-C(15)   1.399(4) 
C(11)-C(12)   1.394(4) 
C(12)-C(13)   1.401(4) 
C(12)-C(16)   1.514(3) 
C(13)-C(14)   1.405(4) 
C(14)-C(15)   1.397(4) 
C(14)-C(17)   1.505(4) 
C(15)-C(18)   1.440(3) 
C(19)-C(20)   1.391(4) 
C(19)-C(24)   1.393(4) 
C(20)-C(21)   1.391(4) 
C(21)-C(22)   1.378(5) 
C(22)-C(23)   1.388(5) 
C(23)-C(24)   1.388(4) 
C(25)-C(26)   1.409(4) 
C(25)-C(30)   1.390(3) 
C(26)-C(27)   1.374(4) 
C(27)-C(28)   1.395(4) 
C(28)-C(29)   1.380(4) 
C(29)-C(30)   1.397(4) 
C(31)-C(32)   1.401(3) 
C(31)-C(36)   1.397(3) 
C(32)-C(33)   1.385(4) 
C(33)-C(34)   1.388(4) 
C(34)-C(35)   1.387(4) 
C(35)-C(36)   1.386(4) 
C(37)-C(38)   1.397(4) 
C(37)-C(42)   1.399(4) 
C(38)-C(39)   1.391(4) 
C(39)-C(40)   1.387(4) 
C(40)-C(41)   1.385(5) 
C(41)-C(42)   1.392(4) 
 
P(1)-Ir(1)-Cl(1)  88.844(19) 
N(1)-Ir(1)-Cl(1)  99.86(6) 
N(1)-Ir(1)-P(1)  93.44(6) 
N(1)-Ir(1)-N(2)  157.76(8) 
N(1)-Ir(1)-C(2)  84.63(9) 
N(2)-Ir(1)-Cl(1)  102.16(6) 
N(2)-Ir(1)-P(1)  90.08(5) 
N(2)-Ir(1)-C(2)  92.26(9) 
C(2)-Ir(1)-Cl(1)  90.00(7) 
C(2)-Ir(1)-P(1)  177.56(7) 
C(10)-Ir(1)-Cl(1)  176.48(7) 
C(10)-Ir(1)-P(1)  94.54(7) 
C(10)-Ir(1)-N(1)  79.00(9) 
C(10)-Ir(1)-N(2)  78.83(9) 
C(10)-Ir(1)-C(2)  86.58(9) 
C(25)-P(1)-Ir(1)  121.74(8) 
C(31)-P(1)-Ir(1)  108.51(8) 
C(31)-P(1)-C(25)  101.65(11) 
C(31)-P(1)-C(37)  106.27(12) 
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C(37)-P(1)-Ir(1)  118.06(8) 
C(37)-P(1)-C(25)  98.57(11) 
C(3)-N(1)-Ir(1)  128.48(16) 
C(9)-N(1)-Ir(1)  113.55(16) 
C(9)-N(1)-C(3)  117.9(2) 
C(18)-N(2)-Ir(1)  113.20(16) 
C(18)-N(2)-C(19)  118.0(2) 
C(19)-N(2)-Ir(1)  128.80(16) 
C(1)-C(2)-Ir(1)  119.69(17) 
C(4)-C(3)-Ir(1)  120.0(2) 
C(4)-C(3)-C(8)  120.0(2) 
C(8)-C(3)-N(1)  120.0(2) 
C(5)-C(4)-C(3)  119.8(2) 
C(4)-C(5)-C(6)  120.5(3) 
C(7)-C(6)-C(5)  119.5(2) 
C(6)-C(7)-C(8)  120.4(2) 
C(7)-C(8)-C(3)  119.6(3) 
N(1)-C(9)-C(11)  117.7(2) 
C(11)-C(10)-Ir(1)  119.03(19) 
C(15)-C(10)-C(11)  121.4(2) 
C(10)-C(11)-C(9)  110.6(2) 
C(12)-C(11)-C(9)  130.1(2) 
C(12)-C(11)-C(10)  119.2(2) 
C(11)-C(12)-C(13)  118.3(2) 
C(11)-C(12)-C(16)  121.5(2) 
C(13)-C(12)-C(16)  120.2(2) 
C(12)-C(13)-C(14)  123.4(2) 
C(13)-C(14)-C(17)  120.5(2) 
C(15)-C(14)-C(13)  117.4(2) 
C(15)-C(14)-C(17)  122.1(2) 
C(10)-C(14)-C(17)  122.1(2) 
C(10)-C(15)-C(18)  110.6(2) 
C(14)-C(15)-C(10)  120.1(2) 
C(14)-C(15)-C(18)  129.2(2) 
N(2)-C(18)-C(15)  117.7(2) 
C(20)-C(19)-N(2)  120.7(2) 
C(20)-C(19)-C(24)  119.9(2) 
C(24)-C(19)-N(2)  119.4(2) 
C(21)-C(20)-C(19)  120.1(3) 
C(22)-C(21)-C(20)  120.1(2) 
C(21)-C(22)-C(23)  119.9(3) 
C(24)-C(23)-C(22)  120.7(3) 
C(23)-C(24)-C(19)  119.4(3) 
C(26)-C(25)-P(1)  118.26(18) 
C(30)-C(25)-P(1)  122.46(19) 
C(30)-C(25)-C(26)  119.3(2) 
C(27)-C(26)-C(25)  120.3(2) 
C(26)-C(27)-C(28)  120.5(2) 
C(29)-C(28)-C(27)  119.5(2) 
C(28)-C(29)-C(30)  120.8(2) 
C(25)-C(30)-C(29)  119.7(2) 
C(32)-C(31)-P(1)  120.17(19) 
C(36)-C(31)-P(1)  120.51(18) 
C(36)-C(31)-C(32)  118.2(2) 
C(33)-C(32)-C(31)  120.7(2) 
C(32)-C(33)-C(34)  120.4(3) 
C(35)-C(34)-C(33)  120.4(2) 
C(36)-C(35)-C(34)  120.4(2) 
C(35)-C(36)-C(31)  120.9(2) 
C(38)-C(37)-P(1)  116.5(2) 
C(38)-C(37)-C(42)  119.2(2) 
C(42)-C(37)-P(1)  123.7(2) 
C(39)-C(38)-C(37)  120.4(3) 
C(40)-C(39)-C(38)  119.9(3) 
C(41)-C(40)-C(39)  120.3(3) 
C(40)-C(41)-C(42)  120.1(3) 







Fractional Atomic Coordinates (×10
4







Atom x y z U(eq) 
Ir1 4923.26(7) 3188.41(5) 6475.66(5) 11.14(5) 
Cl1 6202.6(5) 3198.1(3) 7691.7(3) 15.94(12) 
P1 4358.3(5) 1879.6(3) 6760.2(3) 12.04(12) 
N1 3456.5(16) 3693.0(12) 6846.1(12) 14.9(4) 
N2 6006.5(16) 2744.0(12) 5708.7(11) 13.5(4) 
C1 6119(2) 4560.2(16) 5609.7(16) 23.3(5) 
C2 5401(2) 4380.0(14) 6263.0(14) 17.2(5) 
C3 3259(2) 3935.8(14) 7596.2(14) 17.6(5) 
C4 4082(2) 4372.7(15) 8027.2(15) 21.4(5) 
C5 3858(2) 4649.8(16) 8732.1(16) 24.4(5) 
C6 2815(2) 4482.5(16) 9018.9(15) 25.5(6) 
C7 2014(2) 4021.4(17) 8599.6(16) 26.1(6) 
C8 2227(2) 3743.8(15) 7889.1(15) 20.6(5) 
C9 2651(2) 3834.5(14) 6297.7(14) 16.9(5) 
C10 3951(2) 3250.3(13) 5540.9(15) 14.4(5) 
C11 2854(2) 3590.6(14) 5544.3(14) 16.2(5) 
C12 2147(2) 3637.3(15) 4867.8(15) 19.9(5) 
C13 2548(2) 3322.8(16) 4210.9(15) 20.2(5) 
C14 3642(2) 2989.2(15) 4192.9(15) 18.0(5) 
C15 4351(2) 2970.3(15) 4871.9(14) 16.0(5) 
C16 967(2) 4007.2(19) 4835.3(17) 30.2(6) 
C17 4016(2) 2664.0(17) 3465.5(15) 23.4(5) 
C18 5512(2) 2691.7(14) 5012.0(14) 15.5(4) 
C19 7172(2) 2488.8(15) 5847.8(14) 17.1(5) 
C20 7530(2) 1783.3(16) 5543.4(16) 22.6(6) 
C21 8655(2) 1529(2) 5704.0(18) 32.6(7) 
C22 9419(2) 1976(2) 6162.7(19) 34.3(7) 
C23 9066(2) 2684(2) 6461.3(17) 29.7(6) 
C24 7943(2) 2940.3(17) 6313.2(15) 21.9(5) 
C25 5412(2) 1109.0(14) 7043.0(13) 14.7(5) 
C26 5016(2) 331.1(15) 7127.1(15) 21.6(5) 
C27 5779(2) -270.4(15) 7310.2(16) 26.0(6) 
C28 6951(2) -117.0(16) 7425.2(16) 24.5(6) 
C29 7340(2) 647.6(16) 7364.8(16) 24.0(5) 
C30 6578(2) 1265.1(15) 7172.2(14) 18.5(5) 
C31 3607(2) 1449.2(14) 5906.6(14) 14.7(5) 
C32 2487(2) 1686.3(15) 5665.1(16) 18.6(5) 
C33 1979(2) 1469.2(16) 4958.1(16) 23.0(5) 
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C34 2577(2) 1019.3(16) 4472.7(15) 25.0(6) 
C35 3691(2) 787.9(15) 4702.0(15) 22.4(5) 
C36 4201(2) 999.5(14) 5410.9(14) 17.8(5) 
C37 3417(2) 1745.1(14) 7517.3(15) 16.7(5) 
C38 3770(2) 2093.9(15) 8214.7(15) 20.1(5) 
C39 3211(3) 1919.7(17) 8852.2(17) 27.5(6) 
C40 2294(3) 1398.7(18) 8795.6(17) 30.3(6) 
C41 1911(3) 1068.3(17) 8102.3(18) 30.2(6) 
























Bond lengths (Å) and angles (°) for Ir(NCN)(Et)(OAc) (Chapter 4, 6). 
 
Ir1 O1 2.281(3)   C8 C9 1.386(7) 
Ir1 O2 2.248(3)   C9 C10 1.386(6) 
Ir1 N1 2.067(3)   C11 C13 1.423(6) 
Ir1 N2 2.096(3)   C12 C13 1.407(6) 
Ir1 C2 2.627(4)   C12 C17 1.404(6) 
Ir1 C4 2.070(4)   C13 C14 1.405(6) 
Ir1 C12 1.899(4)   C14 C15 1.400(6) 
O1 C2 1.266(5)   C14 C18 1.498(6) 
O2 C2 1.278(5)   C15 C16 1.399(7) 
N1 C5 1.442(5)   C16 C17 1.410(6) 
N1 C11 1.318(5)   C16 C19 1.510(6) 
N2 C20 1.329(5)   C17 C20 1.423(6) 
N2 C21 1.438(5)   C21 C22 1.403(6) 
C1 C2 1.498(5)   C21 C26 1.382(6) 
C3 C4 1.518(6)   C22 C23 1.378(7) 
C5 C6 1.389(6)   C23 C24 1.381(7) 
C5 C10 1.393(6)   C24 C25 1.393(6) 
C6 C7 1.386(6)   C25 C26 1.392(6) 
C7 C8 1.393(7)         
 
         
O1 Ir1 C2 28.81(12)   C3 C4 Ir1 109.6(3) 
O2 Ir1 O1 57.86(10)   C6 C5 N1 118.2(3) 
O2 Ir1 C2 29.08(12)   C6 C5 C10 120.2(4) 
N1 Ir1 O1 97.66(12)   C10 C5 N1 121.5(4) 
N1 Ir1 O2 89.87(12)   C7 C6 C5 119.5(4) 
N1 Ir1 N2 158.64(15)   C6 C7 C8 120.6(4) 
N1 Ir1 C2 95.26(12)   C9 C8 C7 119.4(4) 
N1 Ir1 C4 92.77(15)   C10 C9 C8 120.5(4) 
N2 Ir1 O1 103.14(12)   C9 C10 C5 119.7(4) 
N2 Ir1 O2 97.03(12)   N1 C11 C13 116.8(4) 
N2 Ir1 C2 100.59(12)   C13 C12 Ir1 118.8(3) 
C4 Ir1 O1 104.19(13)   C17 C12 Ir1 119.5(3) 
C4 Ir1 O2 162.05(14)   C17 C12 C13 121.6(3) 
C4 Ir1 N2 86.86(15)   C12 C13 C11 111.4(4) 
C4 Ir1 C2 132.98(14)   C14 C13 C11 129.0(4) 
C12 Ir1 O1 166.09(14)   C14 C13 C12 119.5(4) 
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C12 Ir1 O2 108.36(14)   C13 C14 C18 120.1(4) 
C12 Ir1 N1 79.31(16)   C15 C14 C13 117.8(4) 
C12 Ir1 N2 79.33(15)   C15 C14 C18 122.0(4) 
C12 Ir1 C2 137.45(14)   C16 C15 C14 123.7(4) 
C12 Ir1 C4 89.56(16)   C15 C16 C17 117.8(4) 
C2 O1 Ir1 91.0(2)   C15 C16 C19 119.5(4) 
C2 O2 Ir1 92.2(2)   C17 C16 C19 122.7(4) 
C5 N1 Ir1 128.4(3)   C12 C17 C16 119.4(4) 
C11 N1 Ir1 113.6(3)   C12 C17 C20 111.3(3) 
C11 N1 C5 118.1(3)   C16 C17 C20 129.3(4) 
C20 N2 Ir1 112.2(3)   N2 C20 C17 117.7(4) 
C20 N2 C21 117.5(3)   C22 C21 N2 121.9(4) 
C21 N2 Ir1 130.1(3)   C26 C21 N2 119.4(3) 
O1 C2 Ir1 60.24(19)   C26 C21 C22 118.7(4) 
O1 C2 O2 118.9(3)   C23 C22 C21 120.6(4) 
O1 C2 C1 120.7(4)   C22 C23 C24 120.7(4) 
O2 C2 Ir1 58.77(19)   C23 C24 C25 119.1(4) 
O2 C2 C1 120.3(4)   C26 C25 C24 120.4(4) 
C1 C2 Ir1 173.9(3)   C21 C26 C25 120.5(4) 
 
Fractional Atomic Coordinates (×10
4







Atom x y z U(eq) 
Ir1 2569.84(14) 6250.92(14) 2528.99(11) 22.91(9) 
O1 2343(3) 4102(3) 2946(2) 27.7(6) 
O2 1939(3) 5280(3) 4289(2) 29.1(6) 
N1 4689(4) 5331(4) 3115(3) 26.4(7) 
N2 479(3) 7893(4) 1947(3) 25.4(6) 
C1 1437(5) 3162(5) 4753(4) 34.9(8) 
C2 1955(4) 4211(4) 3964(3) 27.8(8) 
C3 2816(5) 5621(5) 255(4) 34.2(8) 
C4 3166(5) 6562(4) 813(3) 30.3(8) 
C5 5760(4) 3795(4) 3364(3) 26.3(7) 
C6 5740(4) 2917(4) 2695(4) 30.7(8) 
C7 6787(5) 1450(5) 2887(4) 34.7(9) 
C8 7823(5) 836(4) 3770(4) 35.2(9) 
C9 7815(5) 1713(5) 4449(4) 35.6(9) 
C10 6789(5) 3189(5) 4252(4) 31.5(8) 
C11 5067(4) 6314(4) 3265(3) 28.0(8) 
C12 2703(4) 7984(4) 2574(3) 25.4(7) 
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C13 4000(5) 7827(5) 2985(3) 29.6(8) 
C14 4071(5) 9082(5) 3124(4) 32.3(8) 
C15 2861(5) 10464(5) 2770(4) 33.7(8) 
C16 1573(5) 10655(4) 2331(4) 32.5(8) 
C17 1487(5) 9376(4) 2257(3) 29.7(8) 
C18 5379(5) 8907(5) 3690(5) 41.5(10) 
C19 338(5) 12199(5) 1959(4) 37.1(10) 
C20 298(4) 9248(4) 1899(3) 28.6(8) 
C21 -702(4) 7772(4) 1537(3) 27.0(7) 
C22 -1740(5) 8949(5) 732(4) 33.5(9) 
C23 -2886(5) 8818(5) 383(4) 37.0(9) 
C24 -3020(4) 7516(5) 800(4) 35.0(9) 
C25 -1966(5) 6323(5) 1568(4) 37.0(9) 





















Bond lengths (Å) and angles (°) for [Ir(NCN)(Et)(NCCH3)2][BF4] (Chapter 4, 7). 
 
Ir1 N1 2.132(4)   C11 C12 1.426(8) 
Ir1 N2 2.144(4)   C11 C16 1.501(8) 
Ir1 N3 2.065(4)   C12 C13 1.395(8) 
Ir1 N4 2.089(4)   C12 C14 1.432(7) 
Ir1 C2 2.096(5)   C17 C18 1.396(8) 
Ir1 C13 1.931(5)   C17 C22 1.395(8) 
N1 C4 1.128(7)   C18 C19 1.388(8) 
N2 C6 1.128(7)   C19 C20 1.395(9) 
N3 C7 1.299(7)   C20 C21 1.379(9) 
N3 C17 1.439(7)   C21 C22 1.378(9) 
N4 C14 1.308(7)   C23 C24 1.390(8) 
N4 C23 1.435(7)   C23 C28 1.397(9) 
C1 C2 1.526(8)   C24 C25 1.394(8) 
C3 C4 1.453(8)   C25 C26 1.382(10) 
C5 C6 1.467(8)   C26 C27 1.394(9) 
C7 C8 1.443(8)   C27 C28 1.383(8) 
C8 C9 1.408(8)   F1 B1 1.374(9) 
C8 C13 1.396(8)   F2 B1 1.397(8) 
C9 C10 1.414(8)   F3 B1 1.368(8) 
C9 C15 1.499(7)   F4 B1 1.371(9) 
C10 C11 1.395(7)         
       
 
N1 Ir1 N2 89.17(17)   C11 C10 C9 124.3(5) 
N3 Ir1 N1 88.72(17)   C10 C11 C12 117.0(5) 
N3 Ir1 N2 99.04(18)   C10 C11 C16 121.0(5) 
N3 Ir1 N4 157.90(18)   C12 C11 C16 122.0(5) 
N3 Ir1 C2 92.99(19)   C11 C12 C14 128.8(5) 
N4 Ir1 N1 92.07(17)   C13 C12 C11 118.9(5) 
N4 Ir1 N2 103.06(17)   C13 C12 C14 112.3(5) 
N4 Ir1 C2 87.3(2)   C8 C13 Ir1 118.6(4) 
C2 Ir1 N1 176.87(18)   C12 C13 Ir1 118.0(4) 
C2 Ir1 N2 87.97(19)   C12 C13 C8 123.4(5) 
C13 Ir1 N1 94.96(19)   N4 C14 C12 117.3(5) 
C13 Ir1 N2 175.26(18)   C18 C17 N3 119.3(5) 
C13 Ir1 N3 78.8(2)   C22 C17 N3 121.0(5) 
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C13 Ir1 N4 79.2(2)   C22 C17 C18 119.6(5) 
C13 Ir1 C2 88.0(2)   C19 C18 C17 119.6(5) 
C4 N1 Ir1 176.6(5)   C18 C19 C20 120.1(5) 
C6 N2 Ir1 176.3(4)   C21 C20 C19 120.2(6) 
C7 N3 Ir1 114.6(4)   C22 C21 C20 120.0(5) 
C7 N3 C17 118.9(4)   C21 C22 C17 120.5(5) 
C17 N3 Ir1 126.4(3)   C24 C23 N4 121.3(5) 
C14 N4 Ir1 113.3(4)   C24 C23 C28 119.5(5) 
C14 N4 C23 118.7(5)   C28 C23 N4 119.2(5) 
C23 N4 Ir1 127.9(4)   C23 C24 C25 119.7(5) 
C1 C2 Ir1 116.6(4)   C26 C25 C24 120.7(6) 
N1 C4 C3 178.9(7)   C25 C26 C27 119.6(5) 
N2 C6 C5 178.8(6)   C28 C27 C26 120.0(6) 
N3 C7 C8 116.9(5)   C27 C28 C23 120.4(6) 
C9 C8 C7 130.1(5)   F1 B1 F2 110.2(6) 
C13 C8 C7 111.1(5)   F3 B1 F1 110.1(6) 
C13 C8 C9 118.7(5)   F3 B1 F2 107.5(5) 
C8 C9 C10 117.6(5)   F3 B1 F4 110.2(6) 
C8 C9 C15 121.8(5)   F4 B1 F1 109.3(6) 
C10 C9 C15 120.6(5)   F4 B1 F2 109.5(5) 
 
Fractional Atomic Coordinates (×10
4






Atom  x  y  z  U(eq) 
Ir1  4995.8(2) 2552.87(17) 2431.55(15) 18.98(10) 
N1  5740(5) 1673(4) 3877(3) 22.1(9) 
N2  2734(5) 2181(4) 3011(3) 20.3(9) 
N3  5094(5) 4056(4) 3053(3) 21.5(9) 
N4  5731(5) 1199(4) 1584(3) 19.9(9) 
C1  3622(6) 4610(5) 1018(4) 26.8(12) 
C2  4160(7) 3366(5) 1025(4) 24.4(12) 
C3  6512(8) 692(5)  5695(5) 36.7(15) 
C4  6091(7) 1244(4) 4668(5) 25.4(12) 
C5  -52(7) 1 798(5)  3620(5) 29.6(13) 
C6  1519(7) 2025(4) 3273(4) 23.2(12) 
C7  6323(6) 4570(4) 2762(4) 20.9(11) 
C8  7438(7) 4026(4) 2064(4) 23.9(11) 
C9  8877(6) 4350(4) 1642(4) 23.3(11) 
C10  9747(6) 3627(4) 990(4)  22.3(11) 
C11  9277(6) 2611(4) 746(4)  21.9(11) 
C12  7821(6) 2295(4) 1192(4) 21.9(11) 
C13  6965(6) 3000(5) 1844(4) 21.6(11) 
C14  7076(7) 1299(4) 1092(4) 23.1(11) 
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C15  9489(7) 5415(5) 1880(4) 28.4(12) 
C16  10270(7) 1891(5) 45(4)  27.1(12) 
C17  3946(6) 4567(5) 3746(4) 22.3(11) 
C18  3225(7) 3892(4) 4600(4) 24.6(11) 
C19  2098(7) 4376(5) 5259(4) 27.4(12) 
C20  1676(7) 5527(5) 5058(5) 33.2(13) 
C21  2383(7) 6191(5) 4209(5) 34.0(14) 
C22  3517(7) 5718(5) 3560(5) 28.8(12) 
C23  4983(6) 185(5)  1546(4) 22.3(11) 
C24  5773(7) -864(5) 1568(4) 25.3(12) 
C25  5008(7) -1831(5) 1534(4) 30.4(13) 
C26  3463(8) -1765(5) 1525(4) 32.3(14) 
C27  2667(7) -716(5) 1525(4) 27.4(12) 
C28  3424(7) 252(5)  1522(4) 24.9(12) 
F1  7627(6) 8872(4) 4028(4) 64.7(13) 
F2  8898(5) 9678(3) 2510(3) 43.9(9) 
F3  8795(7) 7802(4) 2825(4) 73.2(16) 
F4  10141(5) 8683(4) 3830(3) 62.8(13) 































Bond lengths (Å) and angles (°) for [Ir(NCN)(Et)(OH2)2][BF4] (Chapter 4, 9). 
Ir1 O1 2.283(4)   Ir2 C26 2.083(7) 
Ir1 O2 2.254(5)   Ir2 C39 1.906(6) 
Ir1 N1 2.071(5)   N3 C27 1.425(8) 
Ir1 N2 2.056(5)   N3 C33 1.297(8) 
Ir1 C2 2.059(7)   N4 C42 1.303(8) 
Ir1 C15 1.896(6)   N4 C43 1.421(8) 
N1 C3 1.426(8)   C25 C26 1.465(13) 
N1 C9 1.314(8)   C27 C28 1.393(10) 
N2 C18 1.314(8)   C27 C32 1.396(10) 
N2 C19 1.429(8)   C28 C29 1.390(9) 
C1 C2 1.485(11)   C29 C30 1.387(11) 
C3 C4 1.398(10)   C30 C31 1.380(12) 
C3 C8 1.386(10)   C31 C32 1.391(11) 
C4 C5 1.374(10)   C33 C34 1.429(9) 
C5 C6 1.378(11)   C34 C35 1.415(8) 
C6 C7 1.386(12)   C34 C39 1.395(9) 
C7 C8 1.383(10)   C35 C36 1.395(9) 
C9 C10 1.441(9)   C35 C40 1.508(9) 
C10 C11 1.413(8)   C36 C37 1.400(10) 
C10 C15 1.400(9)   C37 C38 1.395(9) 
C11 C12 1.397(9)   C37 C41 1.509(9) 
C11 C16 1.507(8)   C38 C39 1.414(9) 
C12 C13 1.406(9)   C38 C42 1.448(9) 
C13 C14 1.407(8)   C43 C44 1.385(9) 
C13 C17 1.509(9)   C43 C48 1.406(9) 
C14 C15 1.402(8)   C44 C45 1.407(9) 
C14 C18 1.452(8)   C45 C46 1.387(10) 
C19 C20 1.394(9)   C46 C47 1.387(11) 
C19 C24 1.420(9)   C47 C48 1.377(9) 
C20 C21 1.400(9)   F1 B1 1.399(9) 
C21 C22 1.385(10)   F2 B1 1.384(10) 
C22 C23 1.382(10)   F3 B1 1.415(11) 
C23 C24 1.386(9)   F4 B1 1.353(10) 
Ir2 O3 2.274(4)   F5 B2 1.368(11) 
Ir2 O4 2.263(5)   F6 B2 1.427(11) 
Ir2 N3 2.067(5)   F7 B2 1.384(11) 
Ir2 N4 2.066(5)   F8 B2 1.358(10) 
 
 
O2 Ir1 O1 86.24(19)   N4 Ir2 N3 159.2(2) 
N1 Ir1 O1 99.60(19)   N4 Ir2 C26 86.6(3) 
N1 Ir1 O2 96.5(2)   C26 Ir2 O3 87.0(2) 
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N2 Ir1 O1 101.11(19)   C26 Ir2 O4 176.4(2) 
N2 Ir1 O2 85.62(19)   C39 Ir2 O3 177.5(2) 
N2 Ir1 N1 159.3(2)   C39 Ir2 O4 93.0(2) 
N2 Ir1 C2 93.0(2)   C39 Ir2 N3 79.1(2) 
C2 Ir1 O1 89.7(2)   C39 Ir2 N4 80.2(2) 
C2 Ir1 O2 175.4(2)   C39 Ir2 C26 90.6(3) 
C2 Ir1 N1 86.4(3)   C27 N3 Ir2 126.6(4) 
C15 Ir1 O1 177.8(2)   C33 N3 Ir2 113.7(4) 
C15 Ir1 O2 91.8(2)   C33 N3 C27 119.7(6) 
C15 Ir1 N1 79.6(2)   C42 N4 Ir2 113.1(5) 
C15 Ir1 N2 79.7(2)   C42 N4 C43 119.4(5) 
C15 Ir1 C2 92.3(3)   C43 N4 Ir2 127.3(4) 
C3 N1 Ir1 127.4(4)   C25 C26 Ir2 117.5(6) 
C9 N1 Ir1 113.3(4)   C28 C27 N3 119.4(6) 
C9 N1 C3 118.9(5)   C28 C27 C32 119.7(6) 
C18 N2 Ir1 114.5(4)   C32 C27 N3 120.9(6) 
C18 N2 C19 119.3(5)   C29 C28 C27 119.9(7) 
C19 N2 Ir1 126.2(4)   C30 C29 C28 120.3(7) 
C1 C2 Ir1 118.6(5)   C31 C30 C29 119.9(7) 
C4 C3 N1 119.3(6)   C30 C31 C32 120.5(7) 
C8 C3 N1 120.9(6)   C31 C32 C27 119.7(7) 
C8 C3 C4 119.8(6)   N3 C33 C34 117.3(6) 
C5 C4 C3 119.5(7)   C35 C34 C33 130.2(6) 
C4 C5 C6 120.9(7)   C39 C34 C33 111.2(5) 
C5 C6 C7 119.7(7)   C39 C34 C35 118.5(6) 
C8 C7 C6 120.1(8)   C34 C35 C40 121.7(6) 
C7 C8 C3 120.0(7)   C36 C35 C34 117.4(6) 
N1 C9 C10 116.9(6)   C36 C35 C40 120.9(6) 
C11 C10 C9 129.7(6)   C35 C36 C37 124.7(6) 
C15 C10 C9 111.1(5)   C36 C37 C41 121.0(6) 
C15 C10 C11 119.2(6)   C38 C37 C36 117.7(6) 
C10 C11 C16 120.5(6)   C38 C37 C41 121.4(6) 
C12 C11 C10 117.7(6)   C37 C38 C39 118.6(6) 
C12 C11 C16 121.8(5)   C37 C38 C42 130.8(6) 
C11 C12 C13 123.9(5)   C39 C38 C42 110.6(5) 
C12 C13 C14 117.6(6)   C34 C39 Ir2 118.7(5) 
C12 C13 C17 120.8(5)   C34 C39 C38 123.1(6) 
C14 C13 C17 121.6(6)   C38 C39 Ir2 118.2(5) 
C13 C14 C18 129.0(6)   N4 C42 C38 117.9(6) 
C15 C14 C13 119.3(6)   C44 C43 N4 120.3(6) 
C15 C14 C18 111.6(5)   C44 C43 C48 121.2(6) 
C10 C15 Ir1 119.0(5)   C48 C43 N4 118.5(6) 
C10 C15 C14 122.3(5)   C43 C44 C45 118.0(6) 
C14 C15 Ir1 118.7(4)   C46 C45 C44 120.9(7) 
N2 C18 C14 115.5(6)   C45 C46 C47 120.1(6) 
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C20 C19 N2 118.4(6)   C48 C47 C46 120.1(6) 
C20 C19 C24 120.6(6)   C47 C48 C43 119.7(6) 
C24 C19 N2 121.1(6)   F1 B1 F3 107.3(7) 
C19 C20 C21 119.5(6)   F2 B1 F1 108.2(7) 
C22 C21 C20 119.6(6)   F2 B1 F3 109.4(7) 
C23 C22 C21 121.0(6)   F4 B1 F1 110.7(7) 
C22 C23 C24 120.9(7)   F4 B1 F2 111.3(7) 
C23 C24 C19 118.5(6)   F4 B1 F3 109.9(7) 
O4 Ir2 O3 89.47(17)   F5 B2 F6 109.3(8) 
N3 Ir2 O3 100.44(19)   F5 B2 F7 109.9(8) 
N3 Ir2 O4 87.01(19)   F7 B2 F6 105.4(7) 
N3 Ir2 C26 94.1(2)   F8 B2 F5 111.7(7) 
N4 Ir2 O3 100.33(19)   F8 B2 F6 111.0(8) 
N4 Ir2 O4 93.58(19)   F8 B2 F7 109.3(8) 
 
 
Fractional Atomic Coordinates (×10
4







Atom x y z U(eq) 
Ir1 3759.72(10) 5887.6(2) 1337.74(15) 23.26(8) 
O1 3243(2) 6057(4) 64(3) 39.7(12) 
O2 4425(2) 5576(4) 656(3) 34.9(11) 
N1 3624(2) 4191(4) 1579(3) 25.4(11) 
N2 4053(2) 7515(4) 1518(3) 23.0(11) 
C1 3095(3) 7384(7) 2269(5) 47(2) 
C2 3124(3) 6249(6) 1879(4) 33.7(15) 
C3 3235(3) 3460(6) 1129(4) 29.0(14) 
C4 3194(3) 3363(6) 272(4) 32.8(15) 
C5 2819(3) 2662(6) -164(4) 36.0(17) 
C6 2472(3) 2082(6) 228(5) 41.6(19) 
C7 2507(3) 2191(7) 1075(5) 46(2) 
C8 2892(3) 2867(7) 1527(5) 39.1(17) 
C9 3901(2) 3826(6) 2279(4) 26.3(13) 
C10 4255(2) 4631(5) 2748(4) 24.1(13) 
C11 4615(2) 4476(5) 3494(4) 22.8(12) 
C12 4914(2) 5416(6) 3817(4) 26.4(13) 
C13 4859(2) 6513(6) 3466(4) 24.5(13) 
C14 4496(2) 6653(5) 2728(3) 21.3(12) 
C15 4206(2) 5711(5) 2378(3) 21.9(12) 
C16 4674(3) 3329(6) 3913(4) 29.1(14) 
C17 5180(3) 7499(6) 3874(4) 30.0(14) 
C18 4385(2) 7662(6) 2214(4) 24.4(13) 
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C19 3922(2) 8462(5) 973(4) 24.8(13) 
C20 3921(2) 8304(6) 132(4) 27.8(14) 
C21 3790(2) 9216(6) -415(4) 28.8(14) 
C22 3662(3) 10263(6) -116(4) 31.2(15) 
C23 3660(3) 10421(6) 716(4) 30.8(15) 
C24 3789(2) 9537(6) 1275(4) 26.9(13) 
Ir2 8745.06(10) 9828.7(2) 6226.80(15) 21.81(8) 
O3 8178.0(19) 9597(4) 5012(3) 32.1(10) 
O4 9344.5(19) 10537(4) 5522(3) 31.5(10) 
N3 8586(2) 11498(4) 6501(3) 24.1(11) 
N4 9086(2) 8232(5) 6356(3) 25.8(11) 
C25 7760(5) 9931(11) 6989(10) 98(5) 
C26 8164(3) 9150(6) 6805(4) 32.6(15) 
C27 8237(3) 12257(6) 5996(4) 30.6(14) 
C28 8218(3) 12262(6) 5144(4) 30.4(15) 
C29 7870(3) 12978(6) 4643(4) 37.3(17) 
C30 7542(3) 13690(7) 4989(5) 44.0(19) 
C31 7566(3) 13700(7) 5834(5) 44.2(19) 
C32 7911(3) 12985(7) 6342(5) 41.0(18) 
C33 8846(2) 11850(6) 7204(4) 27.6(13) 
C34 9197(2) 11059(6) 7677(4) 25.4(13) 
C35 9535(2) 11196(6) 8449(4) 25.8(13) 
C36 9847(3) 10268(6) 8754(4) 28.5(14) 
C37 9841(3) 9208(6) 8361(4) 29.2(14) 
C38 9506(2) 9077(5) 7601(4) 23.9(13) 
C39 9195(2) 10014(6) 7270(4) 24.7(13) 
C40 9554(3) 12293(6) 8932(4) 33.3(15) 
C41 10186(3) 8244(7) 8747(4) 36.3(16) 
C42 9412(2) 8106(6) 7051(4) 25.6(13) 
C43 8971(2) 7285(5) 5814(4) 23.7(13) 
C44 8845(2) 6239(6) 6115(4) 29.0(14) 
C45 8731(3) 5331(6) 5551(4) 32.6(15) 
C46 8743(3) 5484(6) 4719(4) 33.6(15) 
C47 8868(3) 6541(6) 4430(4) 33.3(15) 
C48 8977(3) 7445(6) 4968(4) 28.5(14) 
F1 4239.5(19) 932(4) 4413(2) 43.4(11) 
F2 3833(2) -592(5) 3750(3) 62.0(15) 
F3 4569(2) 128(5) 3364(3) 54.4(13) 
F4 3805.2(19) 1107(4) 3094(3) 53.5(12) 
B1 4100(4) 401(8) 3642(5) 39.3(19) 
F5 8946(3) 6320(4) 8170(3) 66.3(16) 
F6 9571(2) 5215(5) 8947(3) 66.0(15) 
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F7 8727(2) 4734(5) 8800(3) 63.6(15) 
F8 9119(2) 4579(4) 7701(3) 60.2(15) 















































Bond lengths (Å) and angles (°) for Ir(NCN)(I)2(NCCH3) (Chapter 5, 11●NCCH3). 
 
Ir1 I1  2.6630(4)   C9 C11  1.438(8) 
Ir1 I2  2.6468(4)   C10 C11  1.397(8) 
Ir1 N1  2.140(5)   C10 C15  1.404(8) 
Ir1 N2  2.092(5)   C11 C12  1.411(8) 
Ir1 N3  2.070(5)   C12 C13  1.396(8) 
Ir1 C10  1.926(6)   C12 C17  1.503(8) 
N1 C2  1.133(8)   C13 C14  1.402(9) 
N2 C3  1.423(7)   C14 C15  1.397(9) 
N2 C9  1.321(8)   C14 C18  1.510(8) 
N3 C16  1.311(8)   C15 C16  1.442(8) 
N3 C25  1.437(7)   C20 C21  1.379(9) 
C1 C2  1.449(9)   C20 C25  1.397(9) 
C3 C4  1.391(9)   C21 C22  1.389(9) 
C3 C8  1.398(9)   C22 C23  1.378(9) 
C4 C5  1.394(8)   C23 C24  1.404(9) 
C5 C6  1.393(9)   C24 C25  1.382(9) 
C6 C7  1.380(10)   Cl1 C26  1.739(10) 
C7 C8  1.393(9)   Cl2 C26  1.743(10) 
 
 
I2 Ir1 I1 175.519(13)   C6 C7 C8 119.7(6) 
N1 Ir1 I1 87.41(14)   C7 C8 C3 120.0(6) 
N1 Ir1 I2 88.68(14)   N2 C9 C11 118.1(5) 
N2 Ir1 I1 91.22(14)   C11 C10 Ir1 119.3(4) 
N2 Ir1 I2 91.75(14)   C11 C10 C15 122.1(6) 
N2 Ir1 N1 102.22(18)   C15 C10 Ir1 118.6(4) 
N3 Ir1 I1 90.67(13)   C10 C11 C9 110.8(5) 
N3 Ir1 I2 87.82(13)   C10 C11 C12 119.2(5) 
N3 Ir1 N1 99.56(18)   C12 C11 C9 130.0(5) 
N3 Ir1 N2 158.19(19)   C11 C12 C17 121.8(5) 
C10 Ir1 I1 90.88(17)   C13 C12 C11 117.8(5) 
C10 Ir1 I2 92.98(17)   C13 C12 C17 120.4(5) 
C10 Ir1 N1 177.86(18)   C12 C13 C14 123.4(6) 
C10 Ir1 N2 79.1(2)   C13 C14 C18 119.4(5) 
C10 Ir1 N3 79.2(2)   C15 C14 C13 118.2(5) 
C2 N1 Ir1 174.1(5)   C15 C14 C18 122.3(5) 
C3 N2 Ir1 128.2(4)   C10 C15 C16 111.1(5) 
C9 N2 Ir1 112.6(4)   C14 C15 C10 119.2(6) 
C9 N2 C3 119.2(5)   C14 C15 C16 129.7(5) 
C16 N3 Ir1 114.0(4)   N3 C16 C15 117.1(5) 
C16 N3 C25 118.4(5)   C21 C20 C25 119.3(6) 
C25 N3 Ir1 127.3(4)   C20 C21 C22 120.8(6) 
184 
 
N1 C2 C1 179.4(6)   C23 C22 C21 119.6(6) 
C4 C3 N2 119.4(5)   C22 C23 C24 120.4(6) 
C4 C3 C8 120.0(5)   C25 C24 C23 119.2(6) 
C8 C3 N2 120.6(5)   C20 C25 N3 119.2(5) 
C3 C4 C5 119.8(6)   C24 C25 N3 120.2(5) 
C6 C5 C4 119.7(6)   C24 C25 C20 120.6(5) 
C7 C6 C5 120.7(6)   Cl1 C26 Cl2 111.2(5) 
 
 
Fractional Atomic Coordinates (×10
4







Atom  x  y  z  U(eq) 
Ir1  2880.3(3) 4623.3(2) 2742.80(14) 17.99(11) 
I1  1488.5(4) 2812.4(4) 3004.7(3) 26.79(13) 
I2  4329.2(4) 6358.5(4) 2618.9(3) 25.84(13) 
N1  2431(6) 4792(5) 4111(3) 24.7(10) 
N2  895(6)  6203(5) 2035(3) 22.5(10) 
N3  5045(6) 3007(5) 2944(3) 21.7(9) 
C1  1958(9) 4706(7) 5804(4) 34.2(14) 
C2  2222(7) 4761(6) 4853(4) 26.2(12) 
C3  -397(7) 7159(5) 2385(4) 22.8(11) 
C4  -142(7) 7731(6) 3074(4) 25.4(12) 
C5  -1397(8) 8691(6) 3407(4) 28.6(13) 
C6  -2898(8) 9070(6) 3049(4) 29.4(13) 
C7  -3160(7) 8502(6) 2369(4) 30.1(13) 
C8  -1911(7) 7534(6) 2039(4) 25.9(12) 
C9  901(7)  6259(5) 1159(4) 20.7(11) 
C10  3299(7) 4399(5) 1525(4) 23.4(12) 
C11  2204(7) 5265(5) 824(4)  21.1(11) 
C12  2483(7) 5058(6) -62(4)  22.4(11) 
C13  3861(7) 3992(6) -195(4) 26.3(12) 
C14  4978(7) 3131(6) 501(4)  23.4(11) 
C15  4693(7) 3350(6) 1374(4) 23.0(11) 
C16  5627(6) 2624(5) 2203(4) 21.0(11) 
C17  1338(8) 5937(6) -842(4) 29.7(13) 
C18  6401(8) 1967(6) 294(4)  29.2(13) 
C20  5367(7) 1814(6) 4539(4) 27.2(12) 
C21  6279(8) 1188(6) 5331(4) 29.6(13) 
C22  7787(7) 1136(6) 5380(4) 29.2(13) 
C23  8387(7) 1708(6) 4626(4) 27.7(12) 
C24  7487(7) 2333(6) 3809(4) 26.0(12) 
C25  5990(7) 2371(5) 3772(4) 22.0(11) 
Cl1  451(3)  43(2)  1074(3) 92.7(11) 
Cl2  2776(3) 1215(2) 653(2)  64.3(6) 




Bond lengths (Å) and angles (°) for Ir(NCN)(Cl)2(NCCH3) (Chapter 5, 12●NCCH3). 
 
Ir1 Cl1 2.3552(12)   C7 C8 1.399(8) 
Ir1 Cl2 2.3496(12)   C9 C11 1.437(7) 
Ir1 N1 2.151(4)   C10 C11 1.409(7) 
Ir1 N2 2.073(4)   C10 C15 1.389(7) 
Ir1 N3 2.066(4)   C11 C12 1.416(7) 
Ir1 C10 1.930(5)   C12 C13 1.383(8) 
N1 C2 1.143(6)   C12 C16 1.506(7) 
N2 C3 1.432(6)   C13 C14 1.405(8) 
N2 C9 1.311(6)   C14 C15 1.414(7) 
N3 C18 1.314(6)   C14 C17 1.498(8) 
N3 C19 1.434(6)   C15 C18 1.432(7) 
C1 C2 1.446(7)   C19 C20 1.388(7) 
C3 C4 1.384(7)   C19 C24 1.392(7) 
C3 C8 1.414(7)   C20 C21 1.394(8) 
C4 C5 1.377(8)   C21 C22 1.380(9) 
C5 C6 1.385(8)   C22 C23 1.398(9) 
C6 C7 1.382(8)   C23 C24 1.382(7) 
 
Cl2 Ir1 Cl1 176.80(4)   C6 C7 C8 120.4(5) 
N1 Ir1 Cl1 87.57(11)   C7 C8 C3 118.4(5) 
N1 Ir1 Cl2 89.40(11)   N2 C9 C11 117.6(5) 
N2 Ir1 Cl1 91.85(12)   C11 C10 Ir1 117.8(4) 
N2 Ir1 Cl2 89.80(12)   C15 C10 Ir1 118.4(4) 
N2 Ir1 N1 102.01(16)   C15 C10 C11 123.8(5) 
N3 Ir1 Cl1 88.49(12)   C10 C11 C9 111.4(4) 
N3 Ir1 Cl2 90.96(12)   C10 C11 C12 118.0(5) 
N3 Ir1 N1 99.26(16)   C12 C11 C9 130.6(5) 
N3 Ir1 N2 158.71(16)   C11 C12 C16 121.8(5) 
C10 Ir1 Cl1 92.35(15)   C13 C12 C11 117.7(5) 
C10 Ir1 Cl2 90.65(15)   C13 C12 C16 120.5(5) 
C10 Ir1 N1 178.41(19)   C12 C13 C14 124.8(5) 
C10 Ir1 N2 79.57(19)   C13 C14 C15 117.3(5) 
C10 Ir1 N3 79.2(2)   C13 C14 C17 120.8(5) 
C2 N1 Ir1 175.2(4)   C15 C14 C17 121.8(5) 
C3 N2 Ir1 126.8(3)   C10 C15 C14 118.4(5) 
C9 N2 Ir1 113.5(3)   C10 C15 C18 111.6(4) 
C9 N2 C3 119.7(4)   C14 C15 C18 130.0(5) 
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C18 N3 Ir1 113.6(3)   N3 C18 C15 117.2(5) 
C18 N3 C19 118.5(4)   C20 C19 N3 120.8(5) 
C19 N3 Ir1 127.8(3)   C20 C19 C24 119.9(5) 
N1 C2 C1 177.7(6)   C24 C19 N3 119.2(5) 
C4 C3 N2 119.6(5)   C19 C20 C21 120.0(5) 
C4 C3 C8 120.4(5)   C22 C21 C20 120.0(5) 
C8 C3 N2 120.0(4)   C21 C22 C23 120.0(5) 
C5 C4 C3 120.0(5)   C24 C23 C22 120.0(5) 
C4 C5 C6 120.6(5)   C23 C24 C19 120.0(5) 
C7 C6 C5 120.2(5)           
 
 
Fractional Atomic Coordinates (×10
4







Atom x y z U(eq) 
Ir1 7637.65(13) 4229.84(16) 1331.09(15) 15.51(9) 
Cl1 6553.5(8) 4072.4(10) 2610.5(9) 21.3(2) 
Cl2 8780.0(8) 4390.9(10) 129.7(9) 22.6(2) 
N1 8603(3) 3715(3) 2495(3) 18.0(8) 
N2 7259(3) 2758(3) 658(3) 19.7(8) 
N3 7665(3) 5891(3) 1603(3) 18.8(9) 
C1 9654(4) 3173(5) 4037(4) 31.0(13) 
C2 9080(3) 3475(4) 3163(4) 20.1(10) 
C3 7586(3) 1696(4) 932(4) 18.5(10) 
C4 7703(3) 1420(5) 1971(4) 22.7(11) 
C5 8023(4) 403(5) 2241(4) 27.7(12) 
C6 8210(4) -359(4) 1481(5) 29.8(12) 
C7 8079(4) -104(5) 441(5) 28.4(12) 
C8 7765(4) 928(4) 144(4) 24.0(11) 
C9 6689(3) 2868(4) -125(4) 20.8(10) 
C10 6776(3) 4733(4) 300(4) 18.5(10) 
C11 6378(3) 3950(4) -367(4) 21.5(10) 
C12 5763(4) 4321(5) -1142(4) 24.4(11) 
C13 5578(4) 5426(5) -1179(4) 27.6(12) 
C14 5965(4) 6213(5) -513(4) 26.3(11) 
C15 6588(3) 5842(4) 251(4) 21.6(11) 
C16 5324(4) 3549(5) -1909(4) 30.6(12) 
C17 5707(4) 7391(5) -601(5) 33.9(13) 
C18 7109(3) 6447(4) 1001(4) 20.1(10) 
C19 8190(3) 6472(4) 2369(4) 19.2(10) 
C20 7813(4) 7274(4) 2979(4) 23.8(11) 
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C21 8344(4) 7873(5) 3677(4) 29.6(12) 
C22 9243(4) 7660(5) 3770(4) 31.3(13) 
C23 9617(4) 6821(5) 3187(4) 30.2(12) 














































(1) Abe, T.; Tamada, Y.; Shiroishi, H.; Nukaga, M.; Kaneko, M. J. Molec. 
Catal. A 1999, 144, 389. 
 
(2) Shafirovich, V. Y.; Khannanov, N. K.; Stretlets, V. V. Nouv. J.  Chim. 
1980, 4, 81. 
 
 (3) Yagi, M.; Noriko, S.; Kaneko, M. J. Phys. Chem. B 2000, 104, 4111. 
 
 (4) Vining, W. J.; Meyer, T. J. Inorg. Chem. 1986, 25, 2023. 
 
 (5) Geselowitz, D. A.; Meyer, T. J. Inorg. Chem. 1990, 29, 3894. 
 
 (6) Gilbert, J. A.; Eggleston, D. S.; Murphy, W. R.; Geselowitz, D. A.;  
Gersten, S. W.; Hodgson, D. J.; Meyer, T. J. J. Am. Chem. Soc. 1985, 107, 
3855. 
 
 (7) Brudvig, G. W.; de Paula, J. C. Prog. Photosynth. Res. 1987, 1, 491. 
 
 (8) Brudvig, G. W.; Thorp, H. H.; Crabtree, R. H. Acc. Chem. Res. 1991, 24,  
311. 
 
 (9) De Paula, J. C.; Beck, W. F.; Brudvig, G. W. New J. Chem. 1987, 11, 107. 
 
 (10) Limburg, J.; Szalai, V. A.; Brudvig, G. W. J. Chem. Soc. Dalton Trans.  
1999, 9, 1353. 
 
 (11) Ruettinger, W. F.; Dismukes, G. C. Chem. Rev. 1997, 97, 1. 
 
 (12) Ruettinger, W. F.; Dismukes, G. C. Conc. Photobiol. 1999, 330. 
 
 (13) Kaneko, M.; Awaya, N.; Yamada, A. Chem. Lett. 1982, 5, 619. 
 
 (14) Ramaraj, R.; Kira, A.; Kaneko, M. J. Chem. Soc. 1986, 23, 1707. 
 
 (15) Ramaraj, R.; Kira, A.; Kaneko, M. J. Chem. Soc. 1986, 82, 3515. 
 
 (16) Ramaraj, R.; Kira, A.; Kaneko, M. Chem. Lett. 1987, 2, 261. 
 
 (17) Yagi, M.; Kinoshita, K.; Kaneko, M. J. Phys. Chem. 1996, 100, 11098. 
 
 (18) Andrews, J. C.; Cinco, R.; Dau, H.; Latimer, M. J.; Liang, W.; Roelofs, T.  





 (19) Narita, K.; Kuwabara, T.; Sone, K.; Shimizu, K.; Yagi, M. J. Phys. Chem.  
B 2006, 110, 23107. 
 
 (20) Concepcion, J. J.; Jurss, J. W.; Templeton, J. L.; Meyer, T. J. J. Am.  
Chem. Soc. 2008, 130, 16462. 
 
 (21) Cao, R.; Ma, H.; Geletii, Y. V.; Hardcastle, K. I.; Hill, C. L. Inorg. Chem.  
2009, 48, 5596. 
 
 (22) Chen, Z.; Concepcion, J. J.; Jurss, J. W.; Meyer, T. J. J. Am. Chem. Soc.  
2009, 131, 15580. 
 
 (23) Duan, L.; Fischer, A.; Xu, Y.; Sun, L. J. Am. Chem. Soc. 2009, 131,  
10397. 
 
 (24) Blakemore, J. D.; Schley, N. D.; Balcells, D.; Hull, J. F.; Olack, G. W.;  
Incarvito, C. D.; Eisenstein, O.; Brudvig, G. W.; Crabtree, R. H. J. Am. 
Chem. Soc. 2010, 132, 16017. 
 
 (25) Hull, J. F.; Balcells, D.; Blakemore, J. D.; Incarvtio, C. D.; Eisenstein, O.;  
Brudvig, G. W.; Crabtree, R. H. J. Am. Chem. Soc. 2009, 131, 8730. 
 
 (26) Dismukes, G. C.; Brimblecombe, R.; Felton, G. A. N.; Pryadun, R. S.;  
Sheats, J. E.; Spiccia, L.; Swiegers, G. F. Acc. Chem. Res. 2009, 42, 1935. 
 
 (27) Jurss, J. W.; Concepcion, J. J.; Norris, M. R.; Templeton, J. L.; Meyer, T.  
J. Inorg. Chem. 2010, 49, 3980. 
 
 (28) Lippert, C. A.; Arnstein, S. A.; Sherill, C. D.; Soper, J. D. J. Am. Chem.  
Soc. 2010, 132, 3879. 
 
 (29) Chen, Z.; Concepcion, J. J.; Luo, H.; Hull, J. F.; Paul, A.; Meyer, T. J. J.  
Am. Chem. Soc. 2010, 132, 17670. 
 
 (30) Wasylenko, D. J.; Ganesamoorthy, C.; Henderson, M. A.; Koivisto, B. D.;  
Osthoff, H. D.; Berlinguette, C. P. J. Am. Chem. Soc. 2010, 132, 16094. 
 
 (31) Chen, Z.; Concepcion, J. J.; Hull, J. F.; Hoertz, P. G.; Meyer, T. J. Dalton  
Trans. 2010, 39, 6950. 
 
 (32) Concepcion, J. J.; Jurss, J. W.; Norris, M. R.; Chen, Z.; Templeton, J. L.;  
Meyer, T. J. Inorg. Chem. 2010, 49, 1277. 
 
 (33) Parent, A. R.; Blakemore, J. D.; Brudvig, G. W.; Crabtree, R. H. Chem.  




 (34) Bernet, L.; Lalrempuia, R.; Ghattas, W.; Mueller-Bunz, H.; Vigara, L.;  
Llobet, A.; Albrecht, M. Chem. Comm. 2011, 47, 8058. 
 
 (35) Xu, Y.; Duan, L.; Aakermark, T.; Tong, L.; Lee, B.; Zhang, R.;  
Aakermark, B.; Sun, L. Chem. Eur. J. 2011, 17, 9520. 
 
 (36) Chen, Z.; Concepcion, J. J.; Meyer, T. J. Dalton Trans. 2011, 40, 3789. 
 
 (37) Wasylenko, D. J.; Ganesamoorthy, C.; Borau-Garcia, J.; Berlinguette, C.  
P. Chem. Comm. 2011, 47, 4249. 
 
 (38) Busch, M.; Ahlberg, E.; Panas, I. Phys. Chem. Chem. Phys. 2011, 13,  
15062. 
 
 (39) Wang, C.; Xie, Z.; deKrafft, K. E.; Lin, W. J. Am. Chem. Soc. 2011, 133,  
13445. 
 
 (40) Murakami, M.; Hong, D.; Suenobu, T.; Yamaguchi, S.; Ogura, T.;  
Fukuzumi, S. J. Am. Chem. Soc. 2011, 133, 11605. 
 
 (41) Dzik, W. I.; Calvo, S. E.; Reek, J. N. H.; Lutz, M.; Ciriano, M. A.; Tejel,  
C.; Hetterscheid, D. G. H.; de Bruin, B. Organometallics 2011, 30, 372. 
 
 (42) Gao, Y.; Crabtree, R. H.; Brudvig, G. W. Inorg. Chem. 2012, 51, 4043. 
 
 (43) Zhu, G.; Geletii, Y. V.; Kogerler, P.; Schilder, H.; Song, J.; Lense, S.;  
Zhao, C.; Hardcastle, K. I.; Masaev, D. G.; Hill, C. L. Dalton Trans. 2012, 
41, 2084. 
 
 (44) Tong, L.; Wang, Y.; Duan, L.; Xu, Y.; Cheng, X.; Fischer, A.; Ahlquist,  
M. S. G.; Sun, L. Inorg. Chem. 2012, 51, 3388. 
 
 (45) Risch, M.; Klingan, K.; Ringleb, F.; Chernev, P.; Zaharieva, I.; Fischer,  
A.; Dau, H. Chem. Sus. Chem. 2012, 5, 542. 
 
 (46) Wu, J.; Liao, L.; Yan, W.; Xue, Y.; Sun, Y.; Yan, X.; Chen, Y.; Xie, Y.  
Chem. Sus. Chem. 2012, 5, 1207. 
 
 (47) Liu, F.; Concepcion, J. J.; Jurss, J. W.; Cardolaccia, T.; Templeton, J. L.;  
Meyer, T. J. Inorg. Chem. 2008, 47, 1727. 
 
 (48) Yang, X.; Baik, M. J. Am. Chem. Soc. 2008, 138, 16231. 
 
 (49) Concepcion, J. J.; Jurss, J. W.; Hoertz, P. G.; Meyer, T. J. Angew. Chem.  




 (50) Liu, F.; Cardolaccia, T.; Hornstein, B. J.; Schoonover, J. R.; Meyer, T. J.  
J. Am. Chem. Soc. 2007, 129, 2446. 
 
(51) Vannuci, A. K.; Chen, Z.; Concepcion, J. J.; Meyer, T. J. ACS Catal.  
2012, 2, 716. 
  
(52) Chen, Z.; Vannuci, A. K.; Concepcion, J. J.; Jurss, J. W.; Meyer, T. J.  
PNAS 2011, 108, E1461. 
 
 (53) Queffelec, C.; Petit, M.; Janvier, P.; Knight, D. A.; Bujoli, B. Chem. Rev.  
2012. 
 
 (54) Gagliardi, C. J.; Jurss, J. W.; Thorp, H. H.; Meyer, T. J. Inorg. Chem.  
2011, 50, 2076. 
 
 (55) Kiyota, J.; Yokoyama, J.; Yoshida, M.; Masaoka, S.; Sakai, K. Chem. Lett.  
2010, 39, 1146. 
 
 (56) Zapiter, J. M. D.; Tissue, B. M.; Brewer, K. J. J. Coord. Chem. 2011, 64,  
3366. 
 
 (57) deKrafft, K. E.; Wang, C.; Xie, Z.; Su, X.; Hinds, B. J.; Lin, W. ACS Appl.  
Mater. Interfaces 2012, 4, 608. 
 
 (58) Li, F.; Zhang, B.; Li, X.; Jiang, Y.; Chen, L.; Li, Y.; Sun, L. Angew.  
Chem. Int. Ed. 2011, 50, 12276. 
 
 (59) McDaniel, N. D.; Coughlin, F. J.; Tinker, L. L.; Bernhard, S. J. Am. Chem.  
Soc. 2008, 130, 210. 
 
 (60) Vilella, L.; Vidossich, P.; Balcells, D.; Lledos, A. Dalton Trans. 2011, 40,  
11241. 
 
 (61) Hong, D.; Murakami, M.; Yamada, Y.; Fukuzumi, S. Energy & Env. Sci.  
2012, 5, 5708. 
 
(62) Lalrempuia, R.; McDaniel, N. D.; Muller-Bunz, H.; Bernhard, S.;  
Albrecht, M. Angew. Chem. Int. Ed. 2010, 49, 9765. 
 
 (63) Hetterscheid, D. G. H.; Reek, J. N. H. Chem. Comm. 2011, 47, 2712. 
 
 (64) Bhagan, S.; Wayland, B. B. Inorg. Chem. 2011, 50, 11011. 
 
 (65) Sherman, B. D.; Pillai, S.; Kodis, G.; Bergkamp, J.; Mallouk, T. E.; Gust,  




 (66) Vagnini, M. T.; Smeigh, A. L.; Blakemore, J. D.; Eaton, S. W.; Schley, N.  
D.; D'Souza, F.; Crabtree, R. H.; Brudvig, G. W.; Co, D. T.; Wasielewski, 
M. R. PNAS 2012, 1. 
 
